The design and development of spark light sources and their applications to visualisation of unsteady gas flow. by Lim, Lennie Enk Ng.
Th is  Thesis  is submitted for the degree
of
D octor of Philosophy 
in the
D epartm ent of Mechanical Engineering  
of the 
U niversity  of S u rre y
T H E  D E S IG N  & D E V E L O P M E N T  O F  S P A R K  L IG H T  S O U R C E S
and their
A P P L IC A T IO N S  T O  V IS U A L IS A T IO N  O F  U N S T E A D Y  G A S  F L O W
by
Lennie Enk Mg L IM , B . S c . (E ng) 
U niversity  of S u rre y  
Departm ent of Mechanical Engineering  
Guildford  
S u rre y  
1973
ProQuest Number: 10800309
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10800309
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
A B S T R A C T
Th is  thesis reports  on the various types of spark gaps designed fo r high 
speed repetitive operations,, T h e  environmental effects, upon which the 
perform ance of the spark gap depends, have been investigated. P re s e n t  
and past spark gaps have been tested and their suitability fo r repetitive  
w o rk  has also been assessed. T h e  designs of the present sp ark  gaps 
have been applied to the study of the rocket ignition process; the 
diaphragm opening process; the shock formation process and the shock 
w ave propagation in discontinuous ducts.
A  simple theory fo r the diaphragm opening process, based on the fre e ly  
hinged diaphragm with critical p ressure being assumed behind the rupturing  
diaphragm just p rio r to opening has been developed. T h e  results have 
been compared with those of the p ractica l. T h e  result of D R E W R Y  & 
W A L E N T A  /S T D 1 8 /  (1965) has also been used fo r com parison.
A  graphical analysis has been developed for the shock form ation process  
which assumes the actual (o r  linear) diaphragm opening history ra th e r  
than the instantaneous ru p tu re . It enables the shock formation distance 
and the shock formation time to be quickly determined given the initial 
conditions and the diaphragm opening h istory. Both the linear and the 
actual diaphragm histories have been used in the analysis. T h e  w o rk  
of S A T O F U K A  / S T S 22/  (1970) has also been used fo r com parison.
A  num erical technique capable of solving two-dim ensional unsteady flo w , 
known as the F L IC  method, has been applied to the study of shock w ave  
propagation in discontinuous ducts. N um erical results together with  
iso-density plots, wave diagram s and pressure histories have been 
obtained and compared with those of the p ractica l.
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IN T R O D U C T IO N
T h e  requirem ents fo r light sources in photography v a ry  over a 
v e ry  w ide ran g e . It is evident that differing methods w ill be 
needed to solve these different requirem ents. In genera l, the 
different types of light source can be summarised in F igure  1 .
Types of Light Source
I------------------------------------------    1 .
Continuous Transien t
I   " h  ■ . r ~; * — — ;— i
Sun Filam ent Lam p e tc .. E lectrica l D ischarge Chemical F lash e tc ..
I— ------------------------r
S p ark  Gap Flash Tube e tc ..
" — j
; i --------------------- 1~ — --------n  1------------  i
L ibessart E n d -F ire  Sandwich Tube A rg o n -Je t e tc ..
F IG U R E  1 T Y P E S  O F  L IG H T  S O U R C E
With the special requirem ents of shock-tube flow visualisation in mind, 
consideration of the various types of light source led to the choice of 
electrical discharges in gases because this type of d ischarge can 
provide light of high intensity, small source size and short duration.
T h e  use of spark  gaps as a means of producing high intensity, short 
duration light source for high speed photography has been adopted 
since 1851 by T A L B O T  / L S T 1 1 / .  V e r y  little progress has been 
made since then until the late lS50s and early  1960s w hen T H A C K E R A  
/ L S T 4 /  (1 9 5 6 ), N O R T H  / L S N 2 /  (1959) and H O L D E R  & N O R T H  
/ L S H 6/  (1963) introduced a new class of spark gap called the A rgon  
Jet S p ark  G ap.
♦
A ll these ea rly  inventions, in particular the argon-je t sp ark  gap, a re  
excellent for single shot applications but they fail to operate satisfactorily
when used in a repetitive mode. It is the need for a stabilised 
repetitive spark light source, which is suitable fo r schlieren  
photography, that initiated the development of a totally new class 
of spark gaps which w ill be discussed in Chapter I I .  Chapter III 
discusses and analyses some of the applications of these new 
sp ark  gaps.
Owing to the different nature of the topics studi ed, general 
introduction and conclusion have been omitted. H o w e v e r, sectional 
introductions such as I I . 1; I I I . 3 .1  and I I I . 4 .1  a re  presented. 
Sectional conclusions such as 11.12; I I I . 3 .4  and I I I . 4 .6 a re  also 
presented. Suggestions for future w o rk  a re  presented in 
Chapter IV .
A  R E V IE W  O F  C U R R E N T  P R O G R E S S  IN  T H E  D E S IG N  O F
S P A R K  L IG H T  S O U R C E S
I I .  1 IN T R O D U C T IO N
In o rder to obtain enough light fo r picture taking with short exposure, 
of the o rd er of one m icrosecond, large cu rren t must be passed 
through the spark gap and the power dissipation in the discharge  
circu it m ay w ell be in the o rd e r of m egawatts. It is obvious that a 
generator of this capability is out of the question fo r laboratory use 
and other means of supply must be sought. Th is  may be in the form  
of stored electrical energy and rapid ly released when d es ired . T h e  
methods of storing electrical energy a re  ce lls , inductors and capacitors .
If cells a re  used, then a large number is requ ired  which is bulky 
and inconvenient.
We a re , therefo re , left with storage by inductors and capacitors . T h e
2energy stored in an inductor is yLJ w h ere  L_ is the inductance and I 
is the cu rren t in the c ircu it. It follows that fo r large values of energy  
stored, the value of I in general w ill be large and since this cu rren t 
must be generated by another m eans, this method of storage is 
disadvantageous.
S o , w e  a re  reduced to considering storage by capacitors . T h e
. 2energy stored in a capacitor is i C V  w h e re  C is the capacitance and 
V  is the voltage to which the capacitor is charged . Th is  method of 
storage is advantageous because the capacitor can be charged to a 
high potential by using a small cu rren t operating over a long tim e.
T h e  capacitance approach has been w idely adopted and the sp ark  light 
is most simply achieved. (R e fs . L .S F 4 ; L S G 3  ; L S H 6 ; L S K 1  ; L S N 2  
and L S N 3 ) by discharging a capacitor through a spark gap which is 
used as the light source.
T h e  present w o rk  is to rev iew  the existing knowledge of the field and 
w h e re  necessary, to add to it with experimental w o rk .
I I .2  M E C H A N IS M  O F  S P A R K  D IS C H A R G E
T w o  basic types of spark discharge mechanism a re  known (R ef;L_SM 5) 
A  relative ly  slow mechanism known as the Townsend Mechanism or 
Generation Mechanism and a rapid mechanism, of the o rd e r of one 
microsecond or less, known as the S tream er Mechanism . T h e re  
exist naturally variations of these fo rm s, which can be understood 
as transitions between these types.
In the spark mechanism originally suggested by T O W N S E N D  /L ..S T 1 6 /  
(1915) the gap curren t grow s as a result of ionisation by electron  
impact in the gas and electron emission at the cathode by positive 
ion impact. According to this theory then, the form ative time lag 
(R e f. L S M 5 ) should be at least equal to the ion transit tim e, t . .
A t pressures around atm ospheric, which is the case of the spark  
gaps considered in this thesis, the form ative time lags have been
found to be much shorter than t.1
M E E K  /L S M 1 6 /  (1 9 4 0 ), L O E B  and M E E K  / L S L 7 /  (1940) and 
independently R A E T H E R  / L S R 6/  (1941) postulated the s tream er  
theory of spark  based on the following considerations: When an
avalanche which is initiated by an electron leaving the cathode reaches  
the anode, the electrons owing to their high mobility a re  swept aw ay  
and the positive ions rem ain in a nearly  conical channel with the head 
at the anode as shown in F igure  2 . T h e  space charge produced 
by this electron avalanche produces a distortion of the field in the gap 
with the greatest distortion in the region of the head of the avalanche, 
w h ere  the ion density reaches its highest value. When the avalanche 
has crossed the gap, the electrons a re  swept into the anode, the 
positive ions remaining in a cone-shaped volume extending across the 
gap, as shown in F igure  3 . T h e  ion density is re la tive ly  low  
except in the region near the anode, and therefore the presence of 
the positive ions does not in itself constitute breakdown of the gap.
anode
cathode
FIGURE 2
REPRESENTATION OF THE DISTRIBUTION OF ELECTRONS, 
AND POIS1TIVE IONS IN AN ELECTRON AVALANCHE
anode
\ 4* 4- 4“ 4"
\ 4” 4- 4- 4—4-7
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FIGURE 3
TRANSITION FROM AN ELECTRON AVALANCHE TO A STREAMER 
AND THE SUBSEQUENT GROWTH C f A STREAKER ACROSS THE GAP
H o w e ve r, in the gas surrounding the avalanche photo-electrons a re  
produced by photons emitted from the densely ionised gas constituting 
the avalanche stem . Th ese  electrons initiate auxi lia ry  avalanches 
w hich, i f  the space charge field developed by the main avalanche is 
of the o rd er of the external field, w ill be directed tow ards the stem 
of the main avalanche. T h e  greatest multiplication in these auxilliary  
avalanches w ill occur along the axis of the main avalanche w h ere  the 
space-charge field supplements the external field. Positive ions left 
behind by these avalanches effectively lengthen and intensify the space- 
charge of the main avalanche in the direction of the cathode, and the 
process develops as a self-propagating s tre am er, as shown in 
F ig u re  3b . T h e  stream er proceeds across the gap to form  a 
conducting filament of highly ionised gas between the electrodes, as 
shown in F ig u re  3c . Th is  filament constitutes the initial stage of 
the spark channel through which the external c ircu it d ischarges .
It is therefore apparent that the environmental condition of the spark  
channel is critical and is discussed in detail in Chapter I I . 4 .
I I .3 S P A R K  L IG H T  IN T E N S IT Y  A N D  D U R A T IO N
T h e  electrical discharge circu it is governed by the differential equation
LJt + Ri + c j idt -  0------------ -------------1
T h e  form  of the solution of this equation depends on the re la tive  values  
of R ,  C and L , F o r  negligible arc-channel resistance, the peak 
amplitude of the curren t (R efs L S S 2  and L S S 6 ) is V ^ v /c /L , and 
the period of cu rren t oscillation is 2 t tJ lc \  It has been shown 
(R e fs . L S C 5 ; L S E 3 ; L .S E 4  and L S S 2 )  that, fo r a given spark  
gap, the intensity of the emitted light increases with peak c u rre n t and 
also with the rate  of rise  of cu rren t, which is inversely  proportional
to the period of oscillation.
T h e  duration of the light emission decreases with the decrease of 
the period of oscillation. F o r  a given light source, the aims of 
achieving simultaneously maximum intensity and minimum duration a re
a . High voltage, V Qo
b. L a rg e  value of the ra tio , C / L .
c . Small value of the product, L C .
Assuming that the capacitor is used at the maximum voltage that it 
can withstand, the total light output can be increased by increasing C 
H o w e ve r, the period of oscillation is thereby increased not only by 
the increase of capacity, but by the associated increase of inductance 
which usually arises from the increased size of the capacitor.
T h e  light emission somewhat lags behind the development of the 
cu rren t through the light source (R e fs . L S C 5 ;  L S S 2  and L S S 7 )  . 
When the cu rren t decreases, the light emission decays m ore slow ly, 
and does not fall to zero  when the cu rren t ceases to flo w . T h e  
duration of the afterglow may be of several m icrosecond and may be 
due to several factors discussed in Chapter I I . 4 .
T h e  need to keep the inductance of the discharge circu it low has 
resulted in many spark gap designs. A  versatile  design is that 
described by N O R T H  / L S N 2 /  (1959) and / L S N 3 /  (1 9 6 2 ) . T h e  
inductance is kept low by arranging the capacitors concentrically  
around the spark gap.
M O D E N  /L S M 1 /  (1962) , in his design, has used the principle of 
capacitance subdivision to obtain low inductance while keeping the 
capacitance high.
E D G E R T O N , T R E D W E L L  & C O O P E R  / L S E 4 /  (1962) have used
the transm ission line arrangem ents to reduce inductance to produce
—8pulses as short as 10 second.
O ther designs, based on the principle of low inductance a re  described  
by A D A M  / L S A 1 /  (1 9 5 1 ); F IS H E R  / L S F 2 /  (1 9 5 7 ); F R U N G E L  
/ L S F 1 2 /  (1959) and F E A R N  & W O O D IN G  / L S F 1 /  (1 9 6 7 ) .
A N D R E E V  & V A N Y U K O V  / L S A 2 /  (1962) reduced the flash duration  
by several times by means of breaking the curren t in a discharging  
circuit at the moment when the flash intensity becomes m axim um . F o r  
this purpose, they used an explosive w ire  which was connected in 
series with the spark gap.
T h e  intensity of the light source can be increased most easily by  
having a h igh -over-vo ltage . Y O U N G  / L S Y 2 /  (1951) described a 
high over-vo ltage from  a low power supply by charging the capacitors  
in parallel and discharging in s e rie s .
Th e  discharge circuit controls most of the perform ance of the spark  
light but the environmental conditions of the spark channel can, in many 
w ays, improve its  ^perform ance and w ill be discussed in Chapter I I . 4 .
I I . 4 E N V IR O N M E N T A L  E F F E C T S  O N  S P A R K  G A P  
P E R F O R M A N C E
F o r  a given discharge c ircu it, the perform ance of the sp ark  gap can 
be greatly improved by various environmental conditions and w ill be 
discussed in detail under the following Chapters:
«
11.4 .1  N ature of Gas
11.4 .2  P re s s u re  of Gas
11.4 .3  Volume of Gas
I I . 4 .4  T em p era tu re  of Gas
II .  4 . 5 N ature of E lectrode
11.4 .6 Gap Separation
11.4 .7  Irradiation
11.4 .8  Applied Voltage
I I . 4 .1  N A T U R E  O F  G A S
T h e  light intensity depend^on the nature of the surrounding gas. T h e  
intensity of the light is greatest when such gases as m ercu ry  vapour, 
neon, argon, kryton and xenon a re  used in flash tube or spark  gap 
(R e fs . L S C 5 ;  L S C 6 ; L S E 4 ;  L S H 7 ; L S S 7 ; L S T 2 ;  L S T 3 : and 
L S T 4 ) ,but the duration of the afterglow is unfortunately longer than 
with a ir .  T h e  above phenomenon, how ever, is not fully understood 
although C R A G .G S  & M E E K  / L S C 5 /  (1945) have suggested that the 
phenomenon is not only due to the therm al effect but also to other 
causes of which the persistance of atoms in metastable states is the 
most likely . T h u s , when the duration of light emission is requ ired  
to be v e ry  short, these gases a re  not used. When, h o w ever, a -*• 
much g rea ter light output is requ ired , and the capacity, C , has to be 
large (with the associated increase in inductance) , the period of 
oscillation and duration of the light emission a re  increased . T h e  
afterglow of the ra re  gases then becomes relative ly  less im portant, 
and advantage can be taken of the improvement of light emission which  
they g ive, without appreciably lengthening the duration.
T h e  use of argon-je t in spark gaps w as first introduced by 
T H A C K E R A Y  / L S T 3 /  (1957) and N O R T H  / L S N 2 /  (1959) & 
/ L S N 3/  (1983) applied the principle to a successful practical device. 
In addition to the better perform ance in light emission, the a rg o n -je t  
also stabilised the arc  channel. T h e  idea has been used to
advantage in the three gaps as discussed in Chapters I I . 9; 11.10 and II
I I . 4 .2  A N  'E X P E R IM E N T A L  IN V E S T IG A T IO N  O F  T H E  IN F L U E N C E  
O F  A M B IE N T  G A S  P R E S S U R E  O N  T H E  S P A R K  D IS C H A R G
T h e  p ressure  of the surrounding gas also has an appreciable effect 
on the light emission (R e fs . L S C 5 ;  L S C 6 ; L S E 4  and L S Y 2 )  .
Although many research ers  have reported that the light intensity is 
increased by increasing the pressure of the surrounding gas, no 
quantitative analysis w as given and it is important that this should be 
available for the author to assess its suitability in his later designs 
and to this end, a set of results was obtained for open hem ispherical 
spark gaps surrounded by a ir  and by argon at various gas pressures  
as shown in F igures 4 & 5 . T h e  experiments w e re  conducted on 
a single shot basis. T h e  spark gap cham ber used is as shown in 
F igure  6 . Th-c ppk’WoVj c iu w ii (Lv g f i f  W a s  B k .V
I I . 4 .2 .1  Lim its of Gas P re s s u re
T h e re  is , how ever, an upper limit and a lo w er limit for the gas
pressure  for a given spark gap assem bly. O ther param eters
being equal, the spark gap w ill not fire  when the p ressure  of the
2surrounding a ir exceeds 3 .5  lb f/in  ab s . with a gap separation of
0 .5  inch. Using, the same gap, the pressure of the surrounding
2a ir  must not be below 1 lb f/in  a b s ., below which no w ell-defined  
spark can be produced, only a corona discharge occuring. Th is
phenomenon also happens to the same gap surrounded by argon
2 . 2  except the limits a re  7 .5  lb f/in  abs. and 1 4 .5  lb f/in  abs. respective ly .
F ig u re  5 shows that fo r a given gap separation and for a given gas,
there is a maximum p ressu re , beyond which the gap w ill not spark
at a ll. H o w e v er, there* is no w ell-defined low er limit due to the
onset of corona discharge. One may use the corona d ischarge as
a relative term  here fo r a spark discharge may be considered as
a highly concentrated corona d ischarge.
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F o r  a given gap separation, the surrounding gas can have a 
higher p ressure  if argon ra th er than a ir  is used. With a gap 
separation of about 0 .1 5  inch, a maximum gas pressure  which w ill 
perm it sparking is reached both fo r a ir  and argon. A  fu rther  
reduction in gap separation necessitates a reduction in gas pressure  
in o rd e r to allow reliable sparking. Th is can be explained by the 
fact that when a v e ry  small gap separation is used, the geom etry of 
the hemispherical electrodes no longer 'a p p e a r1 hemispherical but 
flat and the potential field can be treated as being between two  
parallel flat plates.
With a gap separation of about 1 inch, the presence of argon seems 
to -have little o r no effect on the perform ance of the spark gap.
11.4 .3  V O L U M E  O F  G A S
T h e  light intensity produced in a spark gap is a function of, among 
many other factors, the energy dissipated in the gap and the volume 
in which this energy is dissipated. Many re s e a rc h e rs , like A D A M  
/ L S A 1 /  (1951) and Y O U N G  / L S Y 2 /  (1951) have reported that an 
increase in light intensity can be achieved simply by confining the 
discharge in a n a rro w  tube, i .e .  controlling the volume of the gas, 
at the expense of somewhat extended duration (R e fs . L S A 1  & L S H 6 ) . 
A n explanation for this increase is that confining the gap causes the 
pressure  to build up during discharge to the extent that the light 
emission is increased as discussed in Chapter I I . 4 .2 .  T h e  virtues 
of this phenomenon a re  used in the gaps discussed in Chapters I I . 9, 
11.10 & 11. 11 .
11.4 .4  T E M P E R A T U R E  O F  G A S
T h e  high tem perature of the o rder of 1 0 ,0 0 0 °K  to 5 0 ,0 0 0 °K
(R e fs . L S C 5 ;  L S M 8 & L S S 7 ) created in the spark  channel by the 
passage of the v e ry  heavy cu rren t is important in two w ays:
F irs t , the degree of ionisation increases with tem perature (R e f. S T Z 1 )  . 
T h e  r is e  in the gas tem perature tends to reduce the dielectric strength 
of the gas and hence gives an increase in firing reliab ility . H o w e v e r, 
this low ering of dielectric strngth causes the spark to fire  with  
extrem ely low light output (R e f. L S M 1 4 ) .
T h e  tem perature of the gas also has a significant effect on the w e a r  
of the electrodes and also governs the choice of m aterial confining 
the spark channel in all confined spark gaps.
I I . 4 .5  N A T U R E  O F  E L E C T R O D E
Many rese arch ers  have found that the m aterial of the electrodes can 
effect the light emission, particu larly  in connection with sparks of long 
duration. S T A N D R IN G  & L O O M  / L S S 8/  (1950) and / L S S 2 /
(1951) showed that the light from  the m ore volatile m aterial reached  
a higher peak and decreased m ore slow ly. Th is  w as confirm ed by 
G O O D F E L L O W  / L S G 3 /  (1953) and H O L D E R  & N O R T H  / L S H 6/  
(1963) . T h e  electrodes may be made of mild steel, copper, 
aluminium, tungsten or tantalum. Magnesium or cadmium electrodes  
being m ore volatile give a la rg e r light output, but longer exposure  
tim es.
T h e  im purities on the electrode surfaces, such as oil, finger prin ts, 
oxide film s, dust and insulating partic les, as w ell as absorbed gases, 
have a large effect on the firing reliability of the spark gap. With 
surfaces which have a high w o rk  function, few er electrons a re  emitted 
fo r a given amount of irradiation (see Chapter I I . 4 .7 )  and the firing  
reliability is thereby reduced. Many w o rk e rs , L L E W E L L Y N - J O N E S
/ L S L 6/  (1949) & / K S L 3 /  (1 9 3 9 ); M E E K  / L S M 6/  (1949) and 
L O E B  / L S L 4 /  (1939) , for example, have examined this effect and, 
in particu lar, S T R IG E K  / L S S 3 /  (1939) & /L .S S 4 /  (1933) observed  
that the reliability changes with repeated sparking between the electrodes. 
This is particularly noticeable for copper and silver electrodes, which  
gradually become oxidised and give r is e  to unreliability. Th ese  
phenomena w e re  observed in the present w o rk  and a re  discussed in 
Chapter I I . 7 .
S T R IG E K  / L S S 3 /  (1939) also showed that different electrode  
m aterials can give a variation in time lags, being low er fo r aluminium  
and highest for copper oxide. Intermediate values a re  given for 
other m ateria ls . It is fo r this reason that aluminium electrodes a re  
v e ry  w idely used in the present w o rk .
T h e  effect of electrode m aterial on the breakdown voltage of the spark  
gap is further discussed in Chapter I I .  4 .8
I I . 4 . 5 .1  E lectrode Erosion
In general, and in the absence of chemical action, electrode erosion  
caused by a spark is considered mainly due to the practically  
instantaneous evaporation which occurs at the electrode "hot spot". 
Calculations based on the equation developed by L L E W E L L Y N - J O N E S  
/ L S L 1 0 /  (1949) show that the erosion rate of the electrodes is v e ry  
small and unless the spark gap is used at an excessive ra te  (g re a te r  
than one million operations) the erosion problem is insignificant. Th is  
was confirmed by the present w o rk  w h ere  no significant electrode  
erosion was detected.
11.4.6 A N  E X P E R IM E N T A L  IN V E S T IG A T IO N  O F  T H E  IN F L U E N C E  
O F  G A P  S E P A R A T IO N  O N  T H E  S P A R K  D IS C H A R G E
T h e  light intensity of a spark gap depends^ to a large extent, on the 
separation of its electrodes. T h e  g rea ter the separation the g rea te r  
is the light intensity. Th is  is due to the fact that a g rea ter multiplication 
of auxilliary avalanches (see  Chapter I I . 2) is possible in a gap with 
bigger gap separation.
N O R T H  / L S N 4 /  (1950) mentioned that fo r constant applied voltage 
across the electrodes the light intensity increases with increase in gap 
separation but did not present any quantitative analysis. C R A A G S  & 
M E E K  / L S C 5 /  (1945) have found that the light intensity increases  
linearly  with increased gap separation but their results w e re  ra th e r  
erra tic  and inconclusive. A s this is a significant effect, fu rther  
investigation was carried  out to confirm C raag  and M e e k 's  w o rk  and 
the results shown in F ig u re  7 do confirm a general tendency fo r the 
light intensity to increase with increase in gap separation, but do not 
ho w ever, confirm the linearity .
11. 4 .6 .1 L im it of Gap Separation
F o r  a given applied voltage across the gap, there is an upper limit 
as fcorhow wide :the gap separation can be for re liab le sparking .
F igure  7 shows that the tube gap (see Chapter I I . 7 .4 )  is limited to 
a maximum gap separation of 0 .1 5  inch, while the argon-je t gap (see  
Chapter II .7 .7 )  and the sandwich argon gap (see Chapter IL 9 )  have a 
com paratively large gap separation of 0 .3 7 5  inch and 0 .7 5  inch 
respectively.
•
11.4.7 IR R A D IA T IO N
When a spark gap is not subjected to deliberate irrad ia tion , the fre e
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ions in the spark channel a re  produced by cosnic rays and radioactive
em anation'from  the earth . U nder such conditions, the rate  ofelectron
production is small and irradiation by this method is purely a random
process. When the sparking potential is firs t applied across a spark
gap because of the scarcity  of free  electrons the discharge does not
take place instantaneously, but a certain average time is requ ired  fo r
the initiation of the discharge (R ef L S T 1 0 )  . Th is  time, usually called
the time lag of the sp ark , is decreased by increasing the over-vo ltage
—8and becomes in some cases of the o rder of 10 second (R e fs . L S B 2 ;  
L S B 7 ;  L S K 3  and L S L 5 )  .
V arious sources of irradiation include radioactive m ateria ls , X -r a y s  
and ultraviolet illumination provided by a suitable a rc -lam p  or by an 
auxilliary spark or corona discharge.
T h e  influence of the ultraviolet illumination from  a nearby, spark  in 
facilitating the spark breakdown of a spark gap w as observed as 
long ago as 1887 by H E R T Z  / L S H 4 / .
M o re  recent w o rks  on spark irradiation have been examined by 
S T R E E T  & B E A M  / L S S 5 /  (1 9 3 1 ); W H IT E  /L S W 3 /  (1934) & 
/L S W 4 /  (1936) ; W IL S O N  /L S W 5 /  (1 9 3 6 ); G A R F IT T  / L S G 4 /
(1942) and M E E K  / L S M 6/  (1942) .
T h e  breakdown of spark gaps irrad iated  by means of radioactive  
m aterials has been investigated by many re se arc h e rs  and in particu lar, 
M E E K  / L S M 6/  (1 9 4 2 ) . In his w o rk , M eek observed that for gaps 
of 1cm . o r m ore, the use of irradiation by an auxilliary sp ark  o r  by 
0 .5  m g. of radium gives closely sim ilar resu lts , but with decreasing  
gap separation the auxilliary spark illumination is the m ore effective 
method ' of producing adequate ionisationin the gap. H o w e v e r, as the
gap separation is increased, to values of 10 cm . and beyond, the use 
of radium inside one of the electrodes is to be p re fe rred  as it becomes
increasingly difficult to arrange the gap to be illuminated satisfactorily  
at a close enough distance to the auxilliary spark source to make 
such illumination effective.
In the study of the impulse breakdown of a gap between spherically  
shaped electrodes W Y N N -W IL L IA M S  /L S W 6/  (1926) w as able to 
show that the voltage requ ired  to cause breakdown is reduced  
appreciably by a nearby corona discharge and that the reliability  
of the spark gap is greatly im proved. Th is  effect has been applied 
with advantage to the th ree-e lectrode gap by many re s e arc h e rs  
(R e fs . L S N 3  & L S N 2 )  and has also been used in the present w o rk  
as discussed in Chapters I I .  9 , I I .  10 and 11.11.
I I . 4 .8  A N  E X P E R IM E N T A L  IN V E S T IG A T IO N  O F  T H E  IN F L U E N C  
O F  A P P L IE D  V O L T A G E  O N  T H E  S P A R K  D IS C H A R G E
T h e  applied voltage across the electrodes is vitally important as it, 
in many w ays , determines the perform ance of the spark gap.
Studies into this field w e re  carried  out under two broad classifications:
11.4 .8 .1  Breakdow n Voltage
11.4 . 8 .2  O ver Voltage
11.4 . 8.1  B reakdow n Voltage -  A n Experim ental Investigation
1 1 .4 .8 .1 .1  B reakdow n Voltage versus P re s s u re
B reakdow n voltages at v e ry  low gap pressures (R e fs . L S D 3 ;  L S B 1 0  
and L S T 1 2 )  and at gas pressures above atmospheric (R e fs . L S T 1 3 ;  
and L S H 9 ) have been studi ed extensively by many re s e a rc h e rs . 
H o w e v er, little w o rk  has been done on the breakdown voltages at
and close to atmospheric p res su res . In o rder to ascertain the 
dependence of spark gap perform ance on ambient p res su re , some 
simple tests w e re  ca rried  out. T w o  gases w ere  investigated, i . e .  
a ir and argon for various spark gap separations.
A  family of curves w as obtained and presented in F igures 8 and 9 .
F o r  c la rity , the horizontal scales of F igures 8 and 9 have been shifted. 
Th e gradient of breakdown voltages to a ir (o r  argon) p ressu re  va rie s  
over the range of gas pressure  tested. Th is  range is limited by the 
capacity of the E rn est T u rn e r  S p ark  U nit. In spite of the limited range, 
useful information w as obtained. F irs tly , it confirms P asc h e n ’ s L a w  
which states that the breakdown voltage is a function of the product of 
gas pressure and gap separation. Secondly, from  F ig u re  8 , the 
gradient of breakdown voltage to a ir  p ressure is approximately. I k v / p . s . i .  
From  F igure 9, the gradient of breakdown voltage to argon p ressure  
is approximately 0 .2 k v /p .s . i .  Th ese  indicate that the change in pressure  
influences the breakdown voltage of the spark gap in a ir m ore than when  
it is in argon, i .e .  argon is less pressure-sensitive than a ir .  T h is  
phenomenon is advantageous in spark gaps which are  used in a repetitive  
mode as large pressure  perturbation occurs under those firing conditions. 
Th is  is a possible explanation of w hy repetitive spark gap operation in 
a ir is less reliable than in argon. F u rth e rm o re , as indicated in 
F igure  5, a spark gap with surrounding argon w ill rem ain operative at 
much higher pressures than that with a ir .
I I . 4 . 8 .1 .2  B reakdow n Voltage versus Gap Separation  
(A n  Experim ental Investigation)
A  knowledge of the breakdown voltage with respect to the change in 
gap separation is vital foe determining the source size of the spark gap 
designs. Th is  is because the peak light intensity depends to a great 
extent on the gap separation (see F igure  7 ) .  L ike  the p ressure  versus  
breakdown voltage experim ents, the range of this test ca rried  out w as
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limited by the capacity of the discharge c ircu it.
Close sim ilarity of the graphs is observed as shown in F igures 10 & 11 . 
T h e  gradient of the minimum breakdown voltage to the spark gap 
separation is of the o rd e r of y kv /in c h . Th is  indicates the insignificance 
of the change in gap separation. Advantage is taken of this by 
designing the spark gaps with adjustable gap separation.
Although the gradient of the minimum breakdown voltage to the spark  
gap separation for a spark gap in argon is of the same o rd er as that 
for a spark gap in a i r , the magnitude of the minimum breakdown  
voltage in the two cases considered is v e ry  different. Typ ica lly , at 
a pressure  of 6m m .H g . and a gap separation of j  inch, the minimum  
breakdown voltage for a spark gap in argon is approximately 4 k v . 
while that for a spark gap in a ir is approximately 7 ik v . T h is  agrees  
closely with F igure 5.
/
I I . 4 . 8 .1 .3  Effect of E lectrode Conditioning on B reakdow n Voltage
T h e  condition of the electrode surface effects the breakdown  
characteristics to an increasing extent as the gas pressure  is increased . 
Th is  was reported by H O W E L L  / L S H 9 /  (1939) for a 0 .2 5  inch gap 
in a ir between plane electrodes. In his w o rk , Howell used three types 
of electrodes: ’ rough electrodes' w h ere  the electrodes have been sand­
papered but not polished; 'p artia lly  conditioned electrodes' w h ere  the 
electrodes have been polished and have been subjected to a limited 
number of sparks and 'conditioned electrodes ' w h ere  the electrodes have 
been subjected to prolonged sparking.
H o w e ll's  results show that rough electrodes have a breakdow n voltage 
of about half that of the fully conditioned electrodes and that partially  
conditioned electrodes have a breakdown voltage of about th re e -q u a rte rs
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that of the conditioned electrodes. He explained the differences in 
term s of small point discharges set up on the minute irregu larities  on 
the electrode surfaces. These discharges cause an appreciable  
curren t to flow in the gap before the voltage reaches its breakdown  
value, and it is probable that the resultant space-charge distortion of 
the field is sufficient to cause a lowering of the breakdown voltage.
It is there fo re , important that the electrode surface must be made 1 ro u g h1 
for easier breakdown and. it is for this reason that occasional sand­
papering of the electrodes is recommended for reliable sparking.
11.4 . 8 .1 .4  Effect of E lectrode M ateria l on B reakdow n Voltage
F E L IC I and M A R C H A L  / L S F 1 8 /  (1948) had c a rried  out studies of 
the influence of electrode m aterials on the breakdown characteristics of 
gases at various p res su res . T h e ir  results show that at sub-atm ospheric  
pressures the breakdown voltage for different electrode m aterials a re  
closely sim ilar but c learly  noticeable differences occur at higher pressures, 
(up to 600 p . s . i . ) ,  e .g .  the breakdown voltage for a gap of about
1.44  mm is about 700 lV /c m  for aluminium electrodes and is about 
1050kV/cm  for stainless steel electrodes. Intermediate values w e re  
recorded for iron and copper. Th is  phenomenon w as also reported  
by T R U M P , C L O U D , M A N N  and H A N S O N  / L S T 1 4 /  (1 9 5 0 ). Th ese  
authors concluded that the emission characteristics of the cathode are  
m ore important than those of the anode in influencing the breakdown  
voltage, but nevertheless the breakdown voltage is also affected by the 
anode m ateria l. Aluminium electrodes have been used in all the 
designs discussed in Chapters I I . 9 , 11.10 and 11.11.
«
11.4 . 8 .1 .5  Effect of E lectrode Shape on B reakdow n Voltage
Th e breakdown voltage characteristics of spark gaps having electrodes
of different shapes have been studied extensively by many re s e a rc h e rs  
(R e fs . L S C 9 ; L .S A 6 and L -S S 4) , It is w ell known that point electrodes  
give tha lowest discharge potential and also localise the spark channel 
but owing to rapid deterioration of m aterial near the points, they are  
superseded, in practise , by hemispherical electrodes.
I I . 4 . 8 .1 .6  S parko ver of Insulating Surfaces (S urface  B reakdow n)
A ll m aterials conduct electricity to a g rea ter or lesser extent and all 
suffer some form of breakdown in a suff'ici ently strong electric  field 
(R e f. L S 0 2 )  . In such strong fields gases undergo spark o r glow  
discharges and m aterials loose their insulating properties . H o w e v e r, 
p rio r to the type of breakdown as described above, the solids may 
undergo a surface breakdown or sparkover insulating surface . T h e  
term  "surface breakdown" here means the development of a conducting 
channel between two electrodes or a dielectric surface. Surface  
breakdowns are  usually divided into flashover and tracking (R e f. L S W 8 ) .
It is the process of tracking that damages many of the guides of 
guided spark gaps.
T h e studies of sparkover voltages for a va rie ty  of forms of insulators  
including glass, porcelain etc. have been ca rrie d  out by numerous 
rese arch e rs  (R e fs . L S A 6 and L S P 1 0 )  . T h e  presence of. an 
insulating surface can reduce the breakdown voltage by as much as 
50%. T R U M P  and A N D R IA S  / L S T 1 5 /  (1941) showed that smoothness 
of the insulating surfaces is important if the breakdown voltage is to be 
brought down to a minimum. T h e  infleunce of surface defects, non- 
uniform surface leakage, surface-bound space charges and end conditions 
w e re  also discussed by them.
♦
T h e surface breakdown phenomenon has been utilised in the present 
w o rk  to bring down the minimum breakdown voltage allowing the gap 
separation to be increased by a factor of 2 without the loss of any
firing re liab ility . T h is  is demonstrated in the designs discussed in 
Chapters II .  9 , 11.10 and 11. 11 .
A  disadvantage of the use of this type of discharge in practice is that, 
owing to the low dielectric strength of the gap, the standing voltage that 
can be held off without breakdown is v e ry  lo w .
I I . 4 . 8 .1 .6 .1  Sem i-conductor spark gap
M O D E N , R E E C E  and P O O L E Y  /E S M 3 /  (1964) described a class of 
spark gap v e ry  sim ilar to the. above. Instead of discharging a spark  
over the surface of an insulator they discharged it over a sem i-conductor 
which w as made of F a ra d ex  80 /1  m aterial (which is basically titanium 
dioxide) . Some of the other designs in this class are  the "c re e p 11 
discharge of S C H A R D IN  and F U N F E R  / L S S 7 /  (1952) ; the D efatron  
Source of F A Y O L L E  and N A S L IN  / L S F 4 /  (1953) and the "guided" 
air sparks of T A W IL  / L S T 9 /  (1957) and A N D R E E V  & V A N Y U K O V  
/ L S A 2 /  (1962) .
I I . 4 . 8 .1 .7  B reakdow n Voltage versus Tem p era tu re
T h e  breakdown voltage of a spark gap may be kept low without low ering  
its firing reliability by increasing the gas tem perature of the gap to above 
1 0 0 0 °K . G as tem perature effects (R e f. L S P l l )  apart from  many 
other effects, like electrode tem perature (R e fs . L S P 9 )  , a re  partly  
responsible for the reduction in the dielectric strength of the gas. 
P A R K E R  and P O O E E  / L S P 1 1 /  (1964) , in their high cu rren t (1 80kA ) 
high pressure  spark gap w o rk , found that the time taken for the post­
discharge gas tem perature to decay from 40 00°K  to 100°K  is about 1m s. 
In a sim ilar study, M c C A N N  and C L A R K  /L S M 1 4 /  (1943) , found that 
in 1m s. the dielectric strength of a 6" gap recovered  to about 70% of 
the initial va lue, a ir being the gas in both the above cases.
On the other hand, at low er gas tem perature, i .e .  below 1000 K , 
B O W K E R  / L S B 1 0 /  (1930) found that the effect of tem perature on 
spark potential in hydrogen and nitrogen at ord inary p ressure  is 
negligible. T h e  spark potential is only affected by variation of 
tem perature in so fa r as it alters the density of the g a s .
Although the high raised gas tem perature may give rise  to a reduction 
in the dielectric strength of the gap and consequently a lo w er breakdown  
voltage, the phenomenon takes place at a great expense of poor light 
output (R e f. L S M 1 4 ) , which is disadvantageous.
I I . 4 . 8 .2  O ve r Voltage -  An Experim ental Investigation
Once the minimum breakdown voltage is attained across a spark gap, 
breakdown of the gap will occur. A ny increase in the applied voltage 
( i . e .  overvoltage) w ill sim ilarly cause the gap to breakdow n, but with 
increased energy dissipation and hence m ore light output.
In this chapter, a detailed study is made of the variation of light 
intensity with respect to the over voltage under different gap separation  
and gas p ressu re . A  series of tests w as ca rried  out on the light
intensity/over voltage characteristics for different spark gaps.. T h e  
results are presented in F igures 12 to 16.
I I .  4 . 8 . 2 .1  Light Intensity/Applied Voltage C haracteristics
A  series of seven spark gaps w as tested under atmospheric pressure  
with all the gap separations set at 1 /8  inch. A  set of curves w as  
obtained as shown in F igure  12a with the A rg on -Je t Gap giving the 
highest light output and the End F ire  Gap giving the lowest light output.
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When the light intensities for the different spark gaps w e re  plotted 
against the square of the applied voltage, linear graphs are  obtained as 
shown in F igure  12b. Th is  linearity indicates that the light intensity 
is proportional to the square of the applied voltage and it confirms that 
the light output rem ains proportional to the total electrical energy input to 
the gap over the voltage range considered.
11.4 . 8 .2 .2  Light Intensity/Applied Voltage Characteristics for 
A rg on -Jet S p ark  Gap -  A n Experim ental Investigation
T h e  A rg o n -Je t S p ark  Gap w as tested with various gap separation and 
under various gas p res su res . F igure  13 shows the change in light 
intensity with respect to applied voltage for various gap separation under 
atmospheric p res su re . F igure  14 shows the variation for a i,  inch 
spark gap operating under various gas p res s u re . S im ilar to Chapter 
I I . 4 . 8 . 2 . 1 ,  the light intensity of the A rgon-Jet S park  Gap is proportional 
to the applied voltage.
11.4 . 8 .2 .3  Light Intensity/Applied Voltage C haracteristics for 
O p e n -A ir  Gap -  A n Experim ental Investigation
L ike  the A rg o n -Je t S park  G ap, two families of curves w e re  obtained 
fo r the O p e n -A ir  S p ark  Gap as shown in F igures 15 and 16 . Close  
sim ilarity w as obtained. T h e  only significant difference is the magnitude 
on the light intensity. T yp ica lly , fo r a spark gap separation of 1/8  
inch operating under atmospheric pressure  with an applied voltage of 
lO kv, the ratio of light intensity for the A rg on -Je t S park  Gap to that 
for the O p e n -A ir  S park  Gap is 1 .5 .
I I . 5 M E T H O D S  O F  R E C O R D IN G  L IG H T  F L A S H
C H A R A C T E R IS T IC S
S evera l re s e a rc h e rs , M E L T O N , P R E S C O T T  and G A Y H A R T  / L S M 8/  
(1948) and K O V A S N A Y  / L S K 1 /  (1949) have attempted to m easure the 
effective flashing duration by sweeping the image across a stationary  
photographic plate at v e ry  high speed. The effect of the light pulse 
on a given photographic emulsion can then be determined by densito metric 
measurements (R e fs . L S L 2 ;  L S P 3  and L S F 1 0 )  . C arefu l control 
of development is necessary in this method and interpretation of the 
results is difficult. An advantage in this method is that the spectral 
sensitivity of the photographic emulsion is taken into account but this is 
only one of many param eters involved. A  useful discussion of these 
aspects is given in a monograph by C H E S T E R M A N  / L S C 7 /  (1951) .
No spectral characteristics w o rk  has been ca rried  out in the present 
w o rk  but it is assumed to be sim ilar to those of the A rg o n -Je t S p ark  
Gap (R e f. L S H 6 ) .
P robab ly  the simplest method of assessing the perform ance of a spark  
light source is by recording the intensity-time characteristics with a 
photomultiplier tube and oscilloscope (R e f. L S F 1 0  and L S F 1 1 ) .  T h is  
method was adopted throughout the present w o rk  and a M ullard  photo­
multiplier tube of type N o . 150 A V P  w as used. In the optical set-up  
of the experim ent, light from  the spark gap w as beamed on to a 
schlieren m irro r  which reflected a parallel beam of light on to the 
photomultiplier. A  neutral filter w as used to limit the light from* 
overloading the photomultiplier.
T h e  photoelectric method is well suited to the m easurem ent of r is e  and 
decay times which are  of fundamental importance in the development of 
light sources. The final test of the source must be c a rr ie d  out under
the conditions of use, and the simple photoelectric method w ill, in 
general, provide a good indication of the perform ance to be expected
and is the only method used in the present w o rk .
I I . 6 T H E - D IS C H A R G E  C IR C U IT
A  w ell-know n method of producing a spark is to subject the main 
spark gap electrodes to a voltage just below the brakdown potential 
and to pass a high voltage trigger pulse to initiate and cause breakdown  
of the main gap. The usual method of triggering is to discharge a 
capacitor or pulse-form ing network through the p rim ary  of a step-up  
pulse transfo rm er (e .g .  A tkins, Robertson and Whiteford A R W  U558  
pulse tra n s fo rm e r; maxflash or Z N  ignition coil (R e f. L S N 2 )  ) , using
a. thyratron for the switch (R e fs . L S C 8 ; L S F 4  and E S T l ) .  The  
resulting high voltage pulse is applied to a trigg er electrode causing an 
initiating spark to be formed between the trigger electrode and one of 
the main electrodes. Th is  type of discharge circuit has been used
w idely (R e fs . L S N 3,* E S H 6 and E S T 6 ) .
Another method (R e fs . E S E 8 and E S A 4 ) is by suddenly overvolting  
the gap using a hydrogen thyratron to switch on the high voltage.
T h e re  a re  two m ajor limitations of this arrangem ent. One is the 
upper limit of the high voltage which is imposed by the maximum anode 
potential of the thyratron which usually has a higher impedence than the 
spark gap (R e f. E S G 6 ) . The triggering , if req u ired , is simply 
achieved by using a triggering res is tor connected in the spark assem bly  
as shown in F igure  17 . Th is  is the type of circuit used in the present 
w o rk .
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I I . 7 A N . E X P E R IM E N T A L  IN V E S IG A T IG N  O F  D IF F E R E N T
T Y P E S  O F  S P A R K  G A P
In schlieren photography, the position of the effective light source must 
be stable. Wandering of the light source w ill nullify its purpose (R e f. 
L S U 1 )  . T h e  desire to fix the position of the light source has resulted  
in a number of sources designed so that the path of the spark is either 
fully or partially confined.
S evera l types of spark gaps w e re  tested under conditions of:
a . constant applied voltage
b. atmospheric pressure
c . single shot basis,, unless otherwise stated.
and their light output characteristics determined as discussed in this 
C hapter. T h e  types of spark gap considered a re :
11.7 .1  L ibessart Gap
11.7 .2  End F ire  Gap
11.7 .3  Sandwich Gap
11.7 .3 .1  Sandwich Gap with T r ig g e r
11.7 .4  Tube Gap
II .  7 .5  Open A ir  Gap with Conical E lectrodes
11.7 .6 Open A ir  Gap with Hem ispherical E lectrodes and T r ig g e r
11.7 .7  A rg o n -Je t Gap
11.7 .7 .1  A rg o n -Je t Gap with Guide
I I .  7 .1  L IB E S S A R T  G A P
T h e  L ib essart Gap, F igure  18a, is a partially confined spark  gap 
(R e f. L S G 7  and L S Y 2 )  . The spark takes place along the optical 
axis. Th e  H . T .  electrode is separated from  the earth electrode by 
a column of a ir and a guide which is made of insulating m aterial having 
a bore of 0 .0 3  inch approxim ately. Tufnol has been used and has 
proved satisfactory, although it burns if the spark gap is fired  excessively .
material:tufnol
T h e e lectrodes have to be perfectly cleaned for reliable firing.
T h e  light w aveform  with respect to time is as shown in F ig u re  19 .
Its peak amplitude is comparable to those of most gaps except th ree; 
the sandwich, argon-jet and sandwich argon-jet gaps.
Th e  peak light intensity va ries  with increased gap separation. F ig u re  
7 illustrates how the intensity drops initially and then increases as the 
gap separation is being increased. T h is  is due to the fact that some 
light overspills from the optical path thus not reaching the m easuring  
instrum ent. A  detailed analysis is given in Appendix V I . 1 .3 .  T h e  
maximum gap separation for reliable firing is approximately 0 .2  inch.
G O O D F E L L O W  / L S G 3 /  (1953) showed that the spark intensity in a 
L ib essart Gap can be increased by reducing the capillary d iam eter.
Th is  w as also observed in the present w o rk , but an optimum diam eter 
w as reached with a bore size of 1 /3 2 " , below which the firing  
reliability deminishes.
Th e  stability of the spark is inadequate for schlieren w o rk . T h e  
reliab ility , ^also is poor as is norm ally the case when conical electrodes  
are  used (see Chapter I I .7 .5 )  .
I I . 7 .2  E N D  F IR E  G A P
Figure 8b shows the End F ire  Gap (see also L S M 4 ; L S N 5  and L S F 3 )  . 
A s in the L ibessart G ap, the spark takes place along the optical ax is .
T h e  H . T .  electrode is separated from  the earth electrode by a column 
of a ir surrounded by an insulating m ateria l, such as Tu fno l. Th e  
source size of this gap depends on the size of the constricting bore  
and is typically 0 .03  inch. The H . T .  electrode is of mild steel or  
aluminium while that of the earth electrode is of copper fo r convenience.
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D ue to: the size of the earth electrode, 0 .03  inch in d iam eter, it is 
critical that it be clean for reliable firing especially for w ide gap 
separation (see Chapter I I .  4 . 5 . 1 ) .
T h e  light waveform  is as shown in F igure  19. Owing to the design 
of the gap the discharge is confined within a small bore aligned on the 
optical axis. H o w e ver, the reliability is re lative ly poor as it usually is 
with needle electrodes.
I I . 7 . 3  S A N D W IC H  G A P
A s the name implies, the gap is of a sandwiched form as shown in 
F ig u re  18c (see also Ref .  L .S Y 2 ) . Heat resistive sheet glass such 
as silica or pyrex is used to sandwich the gap. T h e  spark  is 
discharged through a column of a ir between the sandw ich. T h e  width 
of the sandwich, is 1/16 inch. Th e  electrodes are  of aluminium and 
are  hemispherical in shape. T h is  shape of electrodes gives a better 
firing reliability than the two previous gaps due to the electrodes having 
a la rg e r surface area  (see also Chapter I I.  4 . 8 . 1 . 5 ) .
T h e  light w aveform , ahown in F ig u re  19, shows a v e ry  encouraging
profile having the best charactreistics of all the confined gaps and, as 
with the other gaps, the intensity increases with increased gap separation. 
T h e  maximum gap separation obtainable for re liable firing is 0 .2 5  inch.
B y  virtue of the design, movement of the spark tran sverse  to the optical 
axis is effectively prevented. The small amount of longitudinal movement 
along the optical axis is not serious as it does not throw  out the
focussing of the photographic set-up to any significant d eg ree .
II. 7 . 3 . 1  Sandwich Gap with T r igger
T h e  trigg er electrode, typically copper for convenience, is introduced 
between the H . T .  electrode and the earth electrode, being positioned 
n e a re r to the fo rm er for better firing re liab ility .
With the introduction of the trigger electrode the reliability is improved  
and the gap separation may be increased by m ore than half to a 
maximum gap separation of 0 .325  inch (com pare with Chapter I I . 7 . 3 )  
with a consequent gain in light output.
F igure  20 shows the perform ance of the gap with tr ig g e r. It is 
interesting to note that the trigger can distort the sp ark . T h e  
intruding trigg er in F igure 20b shows c learly  how the spark is being 
teased and caused to bend at the trigg er electrode. A  protruding  
tr ig g e r, on the other hand, distort the spark in the opposite direction. 
T h e re fo re , a centrally placed trigger is preffered for a straight sp ark .
Photographs c and d illustrate how the spark has held its position after 
5 and 10 single sparks respectively. A t a flashing rate of 10 k H z .  
the sparks tend to w ander along the optical axis and the second and 
successive sparks tend to decrease in light intensity and correspondingly  
its duration.
T h e  light intensity, how ever, does not 'suffer from the introduction of 
the trigger and all other aspects of perform ance are  sim ilar to the gap 
without trigger in the previous chapter.
I I . 7 . 4  T U B E  G A P
F ig u re  18d shows a tube gap with conical electrodes made of mild steel. 
S im ilar gaps used by other re se arch e rs  may be found in Refs .  L S A 1
and L S T 2 . Soda-glass capillary tubing is used which proves quite
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satisfactory although silica tubing is p reffered . The tubings do not 
crack under heavy firing but only become charred  with a brownish coat 
of oxide after about thirty f i r i n g s .  The bore of the tubing is about 0 .0 5 "  .
T h e  perform ance of the gap is poor having a low light intensity and a 
slightly longer tail for the light waveform  as shown in F ig u re  19. One 
striking feature of the long tail is its w aviness. The w aviness is 
attributed to the fact that the tube becomes increasingly ch arred  when  
being fired and an uneven brownish coat of oxide is form ed which  
reduced the transmittivity of the tube unevenly and hence the waviness  
featu re . T h e  tube has to be cleaned between firing to perm it maximum  
transm ittiv ity.
Th e  stability of the gap is excellent but the reliability is ra th er poor as 
is usually the case with conical electrodes. L ike  the electrodes of the 
End F ire  Gap and the L ibessart G ap, care  has to be taken with the 
cleanliness of the conical points.
I I . 7 .5  O P E N  A IR  G A P  with C O N IC A L  E L E C T R O D E S
When the tube gap is modified by the rem oval of the cap illa ry  tubing and 
used as an open a ir gap with conical electrodes, the light w aveform  as 
shown in F igure  19 has a higher peak light intensity than that of the tube 
gap. The poorer perform ance of the tube gap is partly due to the 
confined condition and the loss of light through transmitting the tube.
T h e  stability of the spark is good compared w ith, say, the hem ispherical 
open a ir  gap (see Chapter I I . 7 . 5 ) .  T h e  re liab ility , h o w ev er, is ra th er  
poor. Th is  may be because the area  in the region in which there is 
an intense electric field is much sm aller than that of the hem ispherical 
electrodes. In the fo rm e r, the gradients a re  concentrated in the imme­
diate neighbourhood of the electrodes; in the latter it is approxim ately
uniform over the whole distribution between the electrodes. T h ere fo re  
the probability of initiation of ionisation is low er in the case of conical 
electrodes.
F ig u re  21 illustrates the d irect photographs of the gap. T h e  photographs 
show a well illuminated core with side nsp lashes". T h e  good stability 
is shown in photographs c and d and photograph e indicates that some 
of the sparks have bowed between the electrodes. Th e  gap separation  
is decreased for reliable firing when the gap is made to fire  at high 
repetitive ra te .
11.7 .6 O P E N  A IR  G A P  with H E M IS P H E R IC A L  E L E C T R O D E S  - 
. and T R IG G E R
Th is  gap is as shown in F igure  18e but without the stream  of a rg o n -je t. 
T h e  electrodes a re  of mild steel and the trigger is of copper. S im ilar  
gaps w e re  used by F A Y O L L E  and N A S L IN  / L S F 4 /  (1953) and 
D A L L Y  and B R IL L H A R T  / L S D 2 /  (1 9 6 8 ).
T h e  light w aveform , shown in F igure  19, is sim ilar to that of the gap 
with conical electrodes. T h e  reliability is better than that of the 
conical type because of the shape and size of the electrodes and is 
further improved by the introduction of the tr ig g e r. H o w e v e r, the 
stability is poorer due to the la rg er elctrodes being used.
11.7 .7  A R G O N -J E T  G A P
T h e  A rg on -Je t Gap (R e fs . L S N 3 ; L S N 8 and L S T 6 ) is shown in 
F ig u re  18e. T h e  argon is fed in from one end of the H . T .  electrode  
whose bore design is such that a lam inar jet of argon, 0 .0 3  inch in 
diam eter, is obtained between the H . T .  and the earth e lectrodes.
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T h e flow rate is critical as too high a flow rate may make the argon-jet
turbulent and the spark unstable. In most cases, the flow rate of
34 to 1' ft / h .  s . t .p .  proves satisfactory.
With the introduction of argon, the light intensity increases, as compared  
with other gaps having the same gap separation as shown in F ig u re  7 . 
Increasing the gap separation also i n c re ase s  the light intensity. Th e  
maximum gap separation attainable for reliable firing is 0 .4 5  inch.
F o r  single shot applications, the reliability of the spark gap is good and 
the stability is excellent. F igure 22 diows the variations of perform ance  
of an argon-jet gap with some direct photographs of the s p a rk s .
I I.  7 . 7 .1  A rg o n -Je t Gap with Guide
F igure  18f shows the guide used in conjunction with the argo n-je t gap.
A  tem porary guide, made of phenolic res in , w as used in an attempt to 
obtain some prelim inary indications of its usefulness.
With the introduction of the guide, the wandering of the sparks tran sverse  
to the optical axis is fixed while that along the axis is not constrained.
Th is  is not serious as explained in Chapter I I . 6 .3 .
Although the light waveform  and other variations of perform ance a re  
sim ilar to the gap of Chapter I I .  7 .7 ,  the gap separation could be increased  
by 0 .1 0  to 0.55inch without decreasing the firing re liab ility . T h is  
improved gap seapration is due to the phenomenon of surface discharge  
already discussed in Chapter I I .  4 . 8 .1 .6 .
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II.7 . 8  C O N C L U S I O N S
With the introduction of argon, the spark is stabilised and the firing  
reliability and light output are  im proved. T h e  optimum pressure  for 
argon in a spark gap whose gap separation is about i  inch is. around 
atmospheric (see F igure  5) , but when a ir  is used, the a ir pressure  
must be sub-atm ospheric. T h e  use of argon at atmospheric pressure  
means that no pressure  (o r  vacuum) chamber is needed. A s there  
are  no practical difficulty, the use of argon is encouraged.
Sem i-confined gaps, like the L ibessart and the Sandw ich, a re  the best 
gaps as these gaps give h igh . light intensity with absolute stability. T h e  
semi-confinement allows heat dissipation which the fully-confined gaps do 
not. Th is  provision of heat dissipation is important especially in 
repetitive operation as inadequate dissipating facilities w ill resu lt in the 
w e a r of the confining m aterial as w as observed in the tube and the 
en d-fire  gaps.
A ll needle and conical electrodes give poor firing reliability and are  to 
be avoided. T h e  cleanliness of the electrodes is im portant. T h e  
aluminium electrodes is the best electrode m aterial as the breakdown  
voltage is lowest when this m aterial is used and its use is encouraged. 
T h e  w e a r of the electrodes is highly insignificant.
Light intensity is proportional to gap separation. H alf an inch is about 
the maximum o rder of magnitude for open gaps with an i-m -adiatfon of 
argon across an applied voltage of 10 k v . , while 4 inch is the maximum  
order of magnitude when a ir ?.s used instead of argon. H o w e v e r, if 
additional irrad iations, like an initiating spark from  a trigg er electrode, 
is provided then the gap separation can be increased to as high as l i  
inches as is the case with the sandwich argon gap as discussed in 
Chapter I I . 9 .
I I . 8 E X IS T IN G  S P A R K  G A P S  U N D E R  R E P E T IT IV E  O P E R A T IO N S
“ a n  a s s e s s m e n t  -
Extensive w o rk  has been done on high repetitive discharges under 
alternating fields (R e fs . L S F 1 3 ;  K S M 5 and E S R 3 ) . High repetitive  
discharges under non-alternating fields (R e fs . L S F 1 2 ;  L S F 1 5  and 
L S H 8 ) a re  less understood and v e ry  little discussed. T h e  results  
obtained by these two schools of re s e a rc h e rs  a re , h o w ever, v e ry  
sim ilar and an understanding of one w ill, th ere fo re , help to explain  
the many unsolved problems of the other,.
T h e  m ajor points in high repetitive w o rk *  are  that adequate time must 
be allowed between successive sparks for the spark channel to re c o v e r  
itself ( i . e .  for the ionised gas to fully deionise itself and norm al 
condition established) and the sparking potential to reco ver itself. 
H o w e v e r, this is not alw ays possible especially at higher flashing ra tes  
of about 10 k H z . when the time interval between successive sparks is 
of the o rder of 100 m icroseconds. T h is  is partly  because the de­
ionisation period, which varies  with the m olecular weight of the gas, is 
usually g rea ter than 100 microseconds for. most gases (R e f. L .S G 3) and 
also during this period, the time is too short fo r any replenishm ent of 
the argon gas to be supplied to the spark channel. T h e re fo re , when  
such a case a ris e s , methods of coping with this problem have to be 
found and they a re  further discussed in Chapter I I . 9 .
A ll the spark gaps mentioned in Chapter I I . 7 w e re  tested under repetitive  
modes and their results are  discussed below:
* T h is  is taken to mean a nominal num ber' of 100 sparks at 100 m icro ­
seconds interval between successive sp arks, i . e .  at 10 k H z . flashing 
ra te .
II. 8 . 1  L I B E S S A R T  G A P
T h e  perform ance of the L ib es sart Gap is ra th er poor for high repetitive  
operation. The gap separation has to be ra th er small, of the o rd er of
0.1  inch, for good reliability and even then, the number of sparks that 
can be fired in any one operation is limited to about fifteen. A  typical 
photomultiplier recording of the light output of this gap under repetitive  
mode (10 k H z .)  is as shown in F igure  23a. . Th e  limited number of
sparks in amy one operation is basically due to the fact that the earth  
electrode is conical in shape. T h e  variation in peak light intensity is 
due to perturbations in the gas p ressure  and in the dielectric strength 
of the spark channel. T h e  unconfined region of the spark channel also 
contribute to the intensity variation as sparks tend to w ander in this 
re g io n .
I I .  8 .2  E N D - F IR E  G A P
T h e  perform ance of the en d -fire  gap under repetitive operation, like the 
L ib es sart G ap, is ra ther poor. Its stability is excellent but its re liab ility  
is poorer than that of the L ibessart G ap . T h is  is because of the m ore  
fully confined spark channel w h ere  the perturbations in p ressu re  and in 
dielectric strength of the spark channel a re  m ore intense than those of 
the L ibessart G ap. F igure  23b shows a typical recording of the sparks  
of this gap under repetitive mode at 10 k H z . T h e  limited number of ten 
sparks in any one operation is mainly due to the conical e lectrodes.
11.8.3 S A N D W IC H  G A P
T h e  perform ance of the sandwich gap is much better than that of the 
last two gaps. It has good stability and better re liab ility . Although 
an improvement over the last tw o , the total number of sparks obtainable
in any one operation is about twenty. The cause of the limitation is
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FIGURE 23 PHOTOMULTIPLIER RECORDINGS OF SPARKS 
FOR EIGHT DIFFERENT SPARK GAPS
sim ilar to that discussed in the above two chapters. T h e  slight increase  
in the number of sparks in any sinle operation is due to the hemispherical 
electrodes instead of the conical electrodes used in the last two gaps.
T h e  peak light intensity does not v a ry  greatly due to the fact that the 
perturbations, discussed in the last two chapters, are  not intense. A  
typical recording of the light output is shown in F igure 23c.
11.8 .4  T U B E  G A P
Com paratively, the perform ance of the tube gap is poor. Th e  only v irtue  
of this gap is its stability. The poor perform ance of the gap is due to 
the conical electrodes and its fully confined spark channel. T o  all these 
disadvantages m ay be added the failure cf the silica tubing at t imes  and 
w o rst of a ll, the formation of a brownish coat of oxide in the tube during  
repetitive operations thereby reducing the intensity of the sp arks .
T yp ica lly , ten sp arks , as shown in F igure 23d, are obtained in any 
single operation.
11.8 .5  O P E N  A IR  G A P  with C O N IC A L  E L E C T R O D E S
T h e  perform ance of this gap is , in many w ays , much poorer than the 
last four gaps. The reliability of the gap is poor because of the conical 
electrodes. Typically  about twenty sparks may be obtained in any one
operation. T h e  stability of the sparks is v e ry  poor due to the fact that
the spark channel is unconfined. Th e  instability of the sparks is c le a rly  
shown in F igure  23e w h ere  the variation of peak light intensity is g re a t.
11.8.6  O P E N  A IR  G A P  with H E M IS P H E R IC A L  E L E C T R O D E S  
and T R IG G E R
T h e  reliability of this gap is greatly improved by the introduction of a
third electrode. It is also helped, to a lesser extent, by the use of
hemispherical electrodes. Typ ica lly , m ore than fifty sparks may be 
obtained in any one operation. L ike  the open a ir gap with conical 
electrodes, the stability of the sparks is extrem ely poor due to the 
unconfined spark channel. Th is  is c learly  shown in F ig u re  23f w h ere  
there is a great fluctuation in the peak light intensity of the sp arks .
11.8 .7 A R G O N -J E T  G A P
T h e  introduction of argon has indeed transform ed the spark gap for 
single shot operation, but this idea does not live up to expectation 
for repetitive w o rk .
A ll aspects of the perform ance of this gap are. sim ilar to the gap 
discussed in Chapter I I . 8 . 6 . Although argon is introduced in the spark  
channel, it must be pointed out that only one discharge benefitted from  
the introduction; namely the firs t d ischarge. Because of the short time 
interval between successive sparks, the spark channel has not enough 
time to replenish itself with argon, and th ere fo re , the second and 
successive sparks behave in the same w ay as those discussed in 
Chapter I I . 8 . 6 . Th e  reliability is as good as that of the open a ir gap 
with hemispherical electrodes and tr ig g e r. A  typical light output 
recording is as shown in F igure  23g, w h ere  great fluctuation of the 
peak light intensity is c learly  shown (see also photograph e of F ig u re  22) .
11.8.8  A R G O N -J E T  G A P  with T U F N O L  G U ID E
T h e  introduction of the guide into the argon-jet gap at once im proved the 
stability of the sparks which is due to the sem i-confinem ent. D ue to the 
surface discharge phenonmenon as discussed in Chapter I I . 4 . 8 . 1 . 6 ,  the 
reliability of the gap is also greatly im proved. A ll aspects of the 
perform ance of this gap are  sim ilar to the gaps discussed in Chapters
II. 8.6  and II'. 8 .7 .  Although the stability of this gap has beer, improved
as shown in F ig u re  23h, its stability is not absolute for the gap to be 
classified as suitable for use as a schlieren source.
I I . 8 .9  C O N C L U S IO N S
F ro m  all the eight spark gaps investigated under repetitive mode, it 
may be concluded that fo r stability of the sparks, the spark channel 
must be partially confined and not fully confined as the latter tends to 
reduce the number of sparks in any one operation. A  good example 
of the partially confined gap is the sandwich gap.
F o r  reliab ility , conical electrodes (o r needle electrodes) must not be 
used. Th is  w as observed by C A M P B E L L  / L S C 3 /  as long ago as
1919. * T h e  use of argon (e .g .  the argon-jet g a p ), surface discharge  
mechanism (e .g .  sandwich gap and end-fire  gap) and the introduction 
of a third electrode (e .g .  the argon-jet gap) all contribute tow ards a 
better firing reliability for the gap.
It w as upon the above basis that the new spark gaps are  developed and 
the various spark gaps are  discussed in Chapters I I . 9 , 11.10 and 11.11.
I I .  9 A  N O V E L  S A N D W IC H  A R G O N  G A P
T h e  various limitations of the three proto-types of this sandwich argon  
gap as discussed in the Appendices in Chapters VI. 1.4 to V I .  1 .6  led 
to the development of the present design as shown in F igure  24.
T h e  features of the present design are  as follows:
H . T .  E lectrode __________________ Aluminium
E arth  E lectrode ______   Aluminium
T rig g e r  E lectrode ________________ C opper
Electrodes H older _____ _____ ____  P e rsp e x
Source S ize : Length _ _ _ _ _ _  Adjustable, up to l i  inches
-Width- ____________1 /3 2  inch
Sandwich M aterial   C eram ic , although pyrex
is acceptable
N ature of G a s  ________________ A rgon
P re s s u re  of Gas ______.__________  Atm ospheric
A rgon R e s e rv o ir  ________________  P ersp ex
I I . 9 .1  L E V E L  O F  IO N IS A T IO N
T h e  level of ionisation fo r the second and successive sparks of this design 
may be maintained by two methods:
1 . F o r  high repetitive operations ( i . e .  6 k H z . and above) the 
residual ionisation from  the previous sparks aids 
fu rther sparking.
2 . F o r  low repetitive operations, the time interval between 
successive sparks is adequate to allow full replenishm ent 
of argon in the spark channel.
Uj  A -
Q- yV co Q 
^  C C -4
7  u j O
CL X
.S C /*
atu
^  A  258
o
Q .
i .' h|  _
i I J I
L _  'L 1f— ~p----- r
cr <
n  o  ^ z
^p »LU Q LO ^
UJ^/
_J
 L J  J X  —
r ijT — -]^ l U 4  
'< ■-— J -^ T i i|;
FIG
 
24 
SA
ND
W
IC
H 
AR
GO
N 
G
AP
11 .9 .1 .1  Supply of P re -Ion tsed  Gas
T h e  need to use the pre-ion ised gas to maintain the requ ired  level of 
ionisation in the spark channel is due to the fact that when the spark gap 
is operated at 6 k H z . and above, the time interval between sparks is 
160 microseconds or less . Th is  time interval is fa r too short fo r the 
replenishment of argon. T h e  ionised gas produced by preceding sparks  
is !,trappedn in the spark chamber by using the properties of the shock 
and other wave phenomena generated by the sparking. Until fu rther  
experimental w o rk , this phenomena may be explained qualitatively be low . 
Sketches of schematic, wave diagrams without calculations are  shown in 
F igure  25 . T h e  o rd er of magnitude of the shock speed produced by 
the sparking is assumed to be M cl ch 2 (c f. p .391 of R e f. L S M 5 ) . T h e  
collision of the shock on the contact surface produces, fo r convenience, 
a shock, a contact region and a rarefaction w ave . T h e  rarefaction  
w ave is ignored in the sketches of F igure  25 for simplicity. The  
change in magnitude of the resulting shock wave and rarefaction wave
after their collision is also assumed to be sm all.
T h e  path of the contact region is of prim e .interest as this region contains 
the pre-ion ised gas. Ideally , this region should be at the spark channel 
when the next spark is being trigg ered . In the firs t sketch, the back
plate is too near the spark channel hence the contact region a rr iv e s  at
the spark channel 60 microseconds after sparking. T h is  means that 
the flashing rate is about 1 6 .5  k H z . which is outside the range of the 
spark light unit. The second sketch gives the right o rd er of magnitude 
of the back plate from the spark channel. T h e  contact region a rr iv e s  at 
the spark channel 110 m icroseconds after sparking. Taking  into account 
that a spark can be initiated with the contact region being i  inch aw ay  
from the spark channel, as evidenced by the magnitude of w andering of the 
sp ark , an extrapolation can be made to show that the spark gap can be 
triggered within the time intervals of 100 to 130 m icroseconds which  
re p re s e n t  flashing rates of 7 .7  to 10 k H z . In the final sketch, the back 
plate is too fa r from the spark channel. T h e  contact region a rr iv e s  at
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FIGURE 25
simplified wave interaction in a sandwiched argon  spark ch a m b er
the spark channel 220 m icroseconds after sparking. B y  this tim e, the 
pre-ion ised gas of the preceding spark would have become de-ionised  
and its use as an ionisation source is being nullified.
Although the descriptive analysis is v e ry  crude, it nevertheless serves  
to illustrate the importance of the distance of the back plate from the spark  
channel. T h e  optimum distance can only be determined experim entally  
at this stage. A  specially designed spark gap with adjustable back plate, 
as shown in F igure  26, w as used in the experim ent. D uring  the ex p er­
iment, the spark gap w as triggered repetitively while the distance of the 
back plate from the spark channel, x , w as v a rie d . It w as found that, 
for reliable f ir in g * , there a re  two limits without which the spark gap 
fires  unreliab ly. Th e  result is summarised in F igure 27 . F ro m  this 
figure , it may be concluded that the optimum distance is 1 inch. No  
pressure history measurement w as possible in the vacinity of the spark  
channel due to the large electrical interfernce from  the discharge which  
fogs the transducer record ing .
I I . 9 .1 . 2 Supply of Argon
In o rd er to have an abundance of argon adjacent to the spark channel
fro  low flashing operation, a large argon re s e rv o ir  is needed. T h is
is because at low flashing rates of 6 k H z . and less, the number of
sparks obtainable in any one operation is a function of the amount of
argon available. The g rea ter the amount available, the g rea te r w ill
be the number of sp arks . Typ ica lly , the argon re s e rv o ir  is about
10 to 20 c c . in volum e. In the present spark light unit, the physical
space, in particular the height and the width, around the sp ark  gap is
ra th er limited. Th is  meant that the argon re s e rv o ir  can only be made
large by extending it length-w ise ( i . e .  along the optical axis’) .  In o rd e r
to keep the back plate to one inch from the spark channel fo r use at
high repetitive operation, a second re s e rv o ir  is, th e re fo re , the only
*  / . a minimum of 100 sparks per operation.
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FIG 26b SANDWICH ARGON GAP WITH ADJUSTABLE BACK PLATE
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solution as is shown in F ig u re  24 . T h e  second argon re s e rv o ir  is 
also used as a settling cham ber.
In the design, two feedline w e re  designed in such a w ay as to lead the 
flow of ar gon tangentially into the p rim ary  re s e rv o ir  so as to minimise 
turbulence. Sym m etry of these feedlines was maintained to cancel any 
turbulence that might be generated. Consequently a lam inar sheet of 
argon in the spark channel is obtained.
T h e  size of the argon re s e rv o irs  and the flow rate of argon is critical
when the gap is being operated at low flashing ra te s . A  flow rate of 
320 ft / h .  s . t . p .  is satisfactory for the present design whose re s e rv o ir
3is about 15 - C . c .  in volum e. A t high flashing ra te s , a flow rate of 1 ft / h . 
s . t . p .  is ample to maintain good firing reliability as the level of ionisation 
of the second and successive sparks is maintained by the use of p re ­
ionised gas from preceding sparks.
I I . 9 . 2  S A N D W IC H  and S O U R C E  S IZ E
In the proto-types of Chapters V I .  1 .4  to V I .  1 . 6 , silica or pyrex  glass 
w e re  used to provide the sandwich. A t high repetitive operations, these 
sandwiches stood up to the high therm al shock. H o w e v e r, at low flashing 
operations, e . g .  200 H z .  the high therm al shock coupled with the prolonged 
operating duration ( e . g .  500 milliseconds duration for 100 sparks at 200 
H z . repetitive operation) cause the tem perature to build up so rap id ly  that
the silica or pyrex glass could not withstand the therm al gradient and
consequently the fa ilure of these m ateria ls . T h is  led to the application 
of the "ceram ic" m aterial as a sandwich guide. Th e  type used is the 
recrysta lised alumina manufactured by T h erm a l Syndicate C o . ,  L-td.
T h e  width of the source size depends, to a large  extent, on the pow er 
dissipation during discharge and, to a lesser extent, on the width of the 
confining sandwich which is typically 1 /3 2  inch w id e . A ny attempt to
increase the width of the sandwich to o re  than 1 /3 2  inch would nullify
the purpose of the sandwich as violent wandering of the spark was observed
to have taken place when a 1/16  inch sandwich width w as used.
Depending on the power of dissipation of the spark d ischarge, the core  
of the spark is , typically, of the o rd e r of 25 thousandth of an inch.
T h e  length of the source may be varied  from i  inch to ly  inches. Th e  
length chosen depends on the sandwich m aterial (see Chapter I I . 4 . 8 . 1 . 6  
on sparkover of insulating surfaces) . T yp ica lly , a one inch gap length 
is satisfactory for the types of sandwich m aterial used in the present w o rk .
11.9.3 P E R F O R M A N C E  O F  T H E  G A P
A ll aspects of the perform ance of this gap are  superior to those of all 
the gaps discussed in Chapters I I . 7 and I I . 8 both for single shot applications 
and repetitive applications.
T h e  light waveform  of this gap is compared to those of the other gaps 
in F igure  19 . T h e  w aveform  of this gap has a slightly shorter rise  
and decay time over that of the argon-jet gap which is advantageous 
for high speed photography.
T h e  peak light intensity that may be obtained from this gap is re la tive ly  
higher than that of any of the previous gaps. T h is  is because the gap 
separation m ay be increased to m ore than one inch without low ering the 
firing reliab ility . The increase in gap separation means an increase  
in peak light intensity as shown in F igure  7 .
F igure  28 shows the variations of perform ance of this gap without the 
trigg er electrode while F igure  29 shows that of a gap with the trigg er  
electrode. T h e  light waveform s of these two gaps a re  s im ila r. T h e  
firing reliability of the form er, how ever, is p o o re r. T h e  position of 
the trigger electrode can distort the spark quite significantly as shown
i w w 5  i 
> •
HI *S £
■u b
P  P  
« ■ §
CL<
o
z
O
O '
cc<
Xy
iz
<
tO
in
j C
J* *
Cln  Q. 
t~  O
§ u
2  i f
CL PCl.
** to
u
cmL. t)
Q 5
cmp
O
uJCM
IxJ
cn
c  c
p .9.
c  «-* 
O 2
^  3cn CJ> CM —
Km  U .  
8.6
CM
CL
T2^je9BMBE5essjonflB8iisagp
( -CM
cn
cn
O
c
c
CM
c:U
CM
cn
cp
CM
cn
cn
u
h*
ovO
6
_c
oc
co
4->
pt_
D
CLCM
CO
CL
D
e>
o
Q .CMin
Q_p
cn
X
to
eg
vO
jC.
uc
CM
N
lO
CM
U
L.
p
O
(0
.asL_
P
P
Q .
CM
in
Cl
Pcn
P
CMin
8i_
uc
£
«n
CMin
P
CM(_
uc
inc
c
.c
cn
jC
cn
CM>
aJ
J P
CM
X
e? in
£T j  ™> . mG. xj
r g  ^
c
O
p
P
CM
O
JC
m
in
P
jC
m
c
CM
l_
CM
£
O
JO«->
Sc
■»->
J C
cn
c
O
*-»
Pt_
p
Q
CM
>
CM
o :
poo
cn
_Q
D«_/
1 0
o
CM
Q -
CM
cn
c
"in
CM>
CM
C L
CM
C l
L_o
CM
“cn
c
(O
in
CM
jC
m
J 3
C l-in
CM
TQ
'in
5
5
£
O
u
p
CM
P
c
E
p
I
5 :
5in
inJO
Q _
P
L_
cno
o
JC
CL
CM
O p
l_> X ?
m
CM
m
D
CM
£_
P
CM
P
m
CMr -  in
8 -g
_ op
JG
OL .
Q .
in
J Cm
P
Pc
CM
CM
JC
inc
CM
cn
CL
m
cm
p
'in
j C
^■ 5P  £  
CM TJ 
- C  c  
P
mCM
. m
CM
cnj rin
P CM
jC
cn v- .5= ^
CM CMP
m
O cm 
c>- O
cm *n o  jo  c  X—* CM
/ . g  p
U  - fL ,
jtr c 
.  c n ™  
n  ~  u
O
CM
2  £  X
S ' *l c  °  
m
P  --9.0 cm
m
j c  &  .cp «_» j=
^  o 
d *0 .3
l/l to
u in
cnc i
lM
FIG
UR
E 
29
VA
RI
AT
IO
N 
OF
 
PE
R
FO
R
M
AN
C
E 
OF
 
A 
SA
ND
W
IC
H 
AR
G
O
N
in the photographs of F igure  29. T h e  reliability is best if the trigger  
electrode is placed n e arer to the earth electrode. A  distance of 1/8 
inch proves satisfactory.
Unlike the argon-jet gap, the argon between the sandwich is no longer 
a jet but a 1 /32  inch thick sheet of argon. Th is  sheet of argon, how ever
does not stabilise the spark along the optical axis and slight wandering  
along this axis, of the o rd er of plus or minus 1/8  inch, w as observed.
T he wandering of the spark transverse to the optical axis, is effectively 
constrained by the sandwich and hence the light source is suitable for 
schlieren photography.
T h e  degree of wandering along the optical axis depends to a v e ry  large
extent on the flow rate of argon. It w as observed that an argcn flow rate  
3of 20 ft / h .  s . t . p .  is the optimum fo r under this flow rate , the sparks  
tend to stabilise themselves and v e ry  slight wandering w as observed to 
o ccu r. Th is  high flow rate is only necessary when low repetitive rates  
are  being operated. T h e  total number of sparks that m ay be obtained 
in any one run under any repetitive rate is in- excess of 100 .
I I . 9 . 4  C O N C L U S IO N S
T h e  perform ance of this design for repetitive operation at high repetitive  
rates supersedes that of all the other gaps discussed in e a r lie r  chapters .
Its operating capabilities range from single shot to repetitive shots whose  
repetitive rates range from 0 to 12 k H z .  It is anticipated that its upper 
limitin the repetitive mode may be much higher than 12 k H z .  H o w e v e r, 
lack of facilities prevented the present w o rk  from  confirming th is. T h e  
number of sparks obtainable in any one operation is limited only by the 
electrical discharge c ircu it. Although the spark light unit is designed to 
produce 100 sparks in any single operation, a total of 286 sparks w as  
obtained in one run using this gap as w ill be discussed in Chapter I I I . 4 .
T h e  only limitation may be that the source size is too big fo r use in 
shadow graphy. H o w e ve r, this limitation is overcom e by the development 
of two other gaps as w ill be discussed in the next two chapters.
A  note of w arning may be sounded here  that when a high flow rate of
3argon is used, typically m ore than 10 ft /h .  s . t . p . ,  care  must be taken 
to ensure that ample ventilation is provided in the spark gap a rea  as the 
concentration of argon can low er the breakdown voltage (see also Chapter 
I I . 4 . 8) to a significant amount to cause unwanted breakdown in the discharg  
circu it. In several instances in the present w o r k ,  sparks w e re  seen
to occur at various H . T .  components p rio r to the passage of the main 
discharge when insufficient ventilation w as provided.
11.10 A  N O V E L  E N D  F IR E  A R G O N  G A P
T h e  large source size of the sandwich argon gap limits its application in 
shadowgraph w o r k .  T h e  need for a small stabilised light source for
shadowgraph w o rk  led to the development of this family of spark gaps, i . e .  
End F ire  A rgon G ap. T h re e  proto-types as discussed in the Appendices 
in Chapters V I .  1 .7  to V I . 1 .9  preceded the present design which is as 
shown in F igure  30 .
\
T h e  features of the present design are  as follows:
H . T .  E lec tro d e  _____ __
E arth  E lectrode _______
T r ig g e r  E lectrode _____
E lectrode H older ______
Source S ize : Length __
D iam eter
Insert ___________ ;
N ature of Gas  ______
P re s s u re  of Gas ______
P rim a ry  and Secondary  
R e s e rv o ir  ______ _____ __
I I . 10 .1  L E V E L  O F  IO N IS A T IO N
Like  the sandwich argon gap, the level of ionisation for the second and 
successive sparks of this design is maintained by the two methods 
discussed in the last chapter.
I I .  1 0 . 1 . 1  Supply of P re -Ion ised  Gas
Experim ental investigations into the geom etry of the argon re s e rv o ir  w e r e  
ca rried  out using two specially designed spark gaps as shown in F ig u re  3 1 .
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Th e  adjustable back plate allows the length of the argon re s e rv o ir  to be
v a rie d . It was found that, for a given size of D  (see F ig u re  31) , thec
perform ance of the spark gaps in both cases does not change with any 
great significance although it was noticed that a distance of about one inch 
of the back plate from the spark channel gives the best results in term s  
of uniformity of light intensity and total number of sparks obtainable in a 
single run throughout the investigated range of flashing rates from 6 to 12 
k H z . H o w e ve r, when the back plates of both the experimental models 
w e re  removed from  the argon re s e rv o ir , i .e .  resulting in an open-ended  
re s e rv o ir , the number of sparks that may be obtained in any one operation  
dropped drastically to about 15 which is not surprising as the spark gap 
then v e ry  nearly  resem bles a Ldbessart gap (see Chapter I I . 8 .1 ) .  On  
the other hand, when the back plate w as brought v e ry  near to the spark  
channel, the spark gap behaved like an o rd in ary  end-fire  gap.
T h e  above paragraph indicates, th ere fo re , that the dimension of is the
prim e factor to the perform ance of this gap. D  must not be too largec
as to nullify the constricting property and also it must not be too small as
to give insufficient passage for the replenishment of argon and the passage .
of pre-ion ised gas. T h e  sm aller the dimension of D  , the sm aller is
.  c
the number of sparks that m ay be obtained in any one . operation . F o u r  
sizes of D  w e re  investigated and the following results indicate the findings.:
D  N o . of S p arks /O p era tio nc
1 /1 6  inch 10-20
1 /8  25 -35
3 /1 6  4 0 -5 0
1 /4  in excess of 50
Th e  above experim ent w as c a rried  out under repetitive mode which  
ranged from 6 to 12 k H z . with the back plate at one inch from  the 
spark channel. T h e  gap separation w as one inch.
II. 10 . 1 . 2  Supply of Argon
In o rder to maintain an abundance of argonin the spark channel fo r use 
at low flashing operations, a double re s e rv o ir  technique is employed. A . 
back plate, which is also called the swirling plate, is inserted between 
the two re s e rv o irs . Th is  sw irling plate perform s its function in two 
folds. F irs tly , at high flashing ra tes , it is used as a back plate as 
discussed in the last chapter and secondly, at low flashing operation, it is 
used as a sw irling plate.
Its function as a sw irling plate may be explained by the fact that when the 
spark gap breaks down, the spark produced w ill increase the local p ressur  
which w ill eventually build up the pressure  in the p rim ary  re s e rv o ir . Th e  
increased pressure in the p rim ary  re s e rv o ir  w ill be bled through four 
oblique hours in the sw irling plate as shown in F igure  3 0 . Th ese feeds 
w ill sw irl the argon in the secondary re s e rv o ir . Because of this s w ir l,  
the pressure  along the centre of the secondary re s e rv o ir , i . e .  w h ere  
the argon input is located, w ill be reduced and this induces m ore argon  
into the re s e rv o ir . Th e  eventual r ise  in pressure  in the secondary  
re s e rv o ir  w ill exceed the pressure  in the p rim ary  re s e rv o ir  and the flow  
of argon is reve rs ed  along the four oblique holes of the sw irling  plate.
A  s w ir l, opposite in direction to the one in the secondary re s e rv o ir , is 
produced in the p rim ary  re s e rv o ir . Although the pressure  of the 
p rim a ry  re s e rv o ir  is increased by the s w ir l, the pressure  of the centre  
of the re s e rv o ir  is still lo w . Th e  low pressure  is advantageous as
the firing reliability depends on this .{see Chapter I I .4 .2 )  .
T h e  size of the argon re s e rv o ir , like that of the sandwich argon gap,
is critical as the number of sparks obtainable in a single operation
depends mainly on the amount of argon available. A  p rim a ry  argon
re s e rv o ir  of 10 c .c .  backed up by a 10 c .c .  capacity secondary argon
3re s e rv o ir  proves satisfactory when a flow rate of 20 ft / h . s . t .p .  is
.3used. H o w e v e r, a. flow rate of 1 ft~ /h . s . t .p .  is ample when the 
spark gap is operated at a high flashing ra te .
11.10.2 B O R E  and S O U R C E  S IZ E
L ik e  the en d -fire  and L ib essart gaps, the source size depends entirely  
on the size of the constricting bo re . Typ ica lly , the bore is 1/16  inch 
although 1 /3 2  inch bore is acceptable. B ores of less than 1 /3 2  inch 
prove unsatisfactory. Th is  is due to the fact that the physical size of 
the spark is of the o rder of 1 /3 2  inch and constricting bores of less than 
1 /3 2  inch tend to be w o rn  out much quickly. Added to this is that 
inserts with bores of less than 1 /3 2  inch tend to crack  during sparking  
as w as observed in many instances.
D ue to the w e a r of the constricting bore after repeated firin gs , an insert, 
such as that shown in F ig u re  31 , is used. R ecrysta lised alumina proves  
to be the best m aterial used in the present w o rk  although silica tubing may 
be acceptable for high flashing operations w h ere  the therm al shock does 
not persist for v e ry  long. T h e  gap separation of this design is typically  
one inch.
I I . 10 .3  P E R F O R M A N C E  of the G A P
A ll aspects of the perform ance of this gap a re  superior to those of all the 
gaps discussed e a rlie r  except the sandwich argon gap.
T h e  light w aveform  of this gap is compared to those of the other gaps 
and is shown in F igure  19. Although the amplitude is not as high as 
those of the argon-jet gap and the sandwich argon gap, it is com parable  
with other gaps discussed.
A s with most constricted spark gaps, the stability of the spark of this gap 
is good. A s it is not fully confined in the middle portion of the spark  
channel, some of the sparks tend to bend and consequently a loss of 
light. Th e  degree of loss depends on the size of the spark  channel 
that is not constricted.
T h e  total number of sparks that may be obtained in any one operation at 
low flashing rates is w ell over a hundred but at high flashing ra tes , it is 
limited to only about 60 sp arks .
Its use as a light source fo r high speed photography is illustrated in 
Chapter I I I .
I I . 1 0 .4  C O N C L U S IO N S
T h e perform ance of this design for high repetitive operation supersedes that 
of all other gaps which a re  viewed end-on. Its operating capabilities 
range from  single to multiple shots. It is capable of being fired  
repetitively under flashing rates of from 0 to 12 k H z . T h e  total number 
of sparks obtainable in any one operation depends on the flashing ra te s .
A t low flashing ra te s , the number obtainable is in excess of 100 sparks  
but al high flashing ra te s , the number is only about 60 s p arks , which  
is the only limitation of this design.
II .11 A  NOVEL. M O D U L A R  A R G O N  G A P
T h e  findings of Chapter I I .  1 0 .1 .1  w here  the number of sparks obtainable 
in any one operation is a function of D^ led to the development of this 
modular argon gap. B as ica lly , this new design increases the size of 
D ^ while maintaining the constricting property by having a series of 
modular discs between the electrodes as shown in F igure  3 2 . A  proto­
type precedes the present design and is discussed in the Appendices of 
Chapter V I .  1 .1 0 .
T h e  main feature of this gap are  as follow:
Aluminium  
Aluminium  
Copper 
T  ufnol 
Tufnol
Adjustable, up to l i  inches 
1 /3 2  inch
A rgon
Atm ospheric
I I . 11 .1  L E V E L  O F  IO N IS A T IO N
A s in the case of the sandwich and end fire  argon gaps, the level of 
ionisation for the second and successive sparks of this gap is maintained 
by the phenomena discussed in Chapter I I . 9 .1 .
I I .  1 1 .1 .1  Supply of P re -Io n ise d  Gas .
T h e  use of pre-ionised gas of preceding sparks is again employed in 
this design by using the properties of the shock and other w ave interaction
H . T .  E lectrode _______
E arth  E lectrode _____ __
T r ig g e r  E lectrode _____
S p ark  Guide  _____ _
Wave Guide ____________
Source S ize : Length _
D iam eter
N ature of Gas _______
P re s s u re  of Gas ______
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as discussed in the last two chapters.
T h e  inconcentricity of the p rim ary  re s e rv o ir  of the wave guides may serve  
to give a range of reflecting surfaces which is desirable for the different 
ranges of flashing operations. On the other hand, if the p rim ary  
re s e rv o irs  w e re  to be made concentric with the spark channel, the la tte r5 
during the course of w ave interaction, may reach a p ressure  which may  
be too high for sparking to take place.
II .  1 1 .1 .2  Supply of A rgon
In o rd er to maintain an abundance of argon in the spark channel fo r use 
at low flashing ra te s , a double re s e rv o ir  technique is. again adopted in 
this design. A rgon is firs t fed into the secondary re s e rv o ir , which is 
also used as a settling cham ber. E n try  into the p rim ary  re s e rv o ir  is 
via  two feedlines. T h e  size of the re s e rv o irs  is important as discussed  
in Chapter I I .  1 0 .1 .2 .  T yp ica lly , the diameter of the p rim ary  re s e rv o ir  
is about one inch while that of the secondary re s e rv o ir  is about two inches.
A t low flashing operations, the flow rate of argon must be of the o rd e r of
3 . 315 ft / h .  s . t .p .  to maintain satisfactory firing although a flow rate of 1 ft / h .
s . t .p .  is sufficient to maintain satisfactory firing at high flashing operations.
I I . 1 1 .2  B O R E  and S O U R C E  S IZ E
L ike  the end fire  and the L.ibessart gaps, the source size of this design  
depends on the size of the ‘ constricting bore of the spark guide and is
typically 1 /16  inch. The stability of the spark of this gap is good. T h e
w e a r of the constricting bore is small due to the large ventilating facilities . 
Tufnol, which w as unsuitable for use in the previous design, proves  
satisfactory in the present design.
The gap separation is made adjustable by the addition or subtraction of 
the modular d iscs. A  typical gap separation is one inch. T h e  maximum  
gap separation that permits reliable firing is sm aller than that of the end 
fire  argon and sandwich argon gaps. Th is  is due to the lack of a 
continuous surface and as a consequence, no surface breakdown (see  
Chapter I I . 4 . 8 . 1 . 6 ) is possible. T yp ica lly , the maximum gap separation
that permits reliable firing is 1 1/8  inches.
11.11 .3  P E R F O R M A N C E  of the G A P
A ll aspects of perform ance o f this gap is comparable ’with those of other 
gaps. T h e  light waveform  of this gap is compared with those of other 
gaps in F ig u re  19.
A s with partially or fully constricted gaps, the stability of the sparks of
this gap is good. T h e  total number of sparks that may be obtained in
aiiy one operation under flashing rates of from 0 to 12 k H z . is in excess  
of 100. Its use as a light source in high speed photography is illustrated  
in Chapter I I I .
11.1 1 .4  C O N C L U S IO N S
T h e  complexity of the design of this gap is outweighed by the advantage 
that the gap is capable of firing in excess of 100 sparks in a single 
operation. T h e  w e a r of the constricting bore is re lative ly  less than 
the end fire  argon gap. T h e  adjustable gap separation is another 
added advantage especially when super-im position of photographs a re  
conducted w h ere  the light intensity has to be read ily  adjusted fo r c o rre c t  
exposure.
11.12 C O N C L U S I O N S
A il aspects of perform ance of the sandwich argon gap, the end fire  argon  
gap and the modular argon gap compare favourably with those of all the 
e a rlie r  gaps of the last century and the 1950s. These gaps are  capable 
of operating under single or repetitive mode with good firing re liab ility .
F igure  33 compares all the different spark gaps developed so fa r , both 
by the previous resea rch e rs  and by the present w o rk  and indicates that 
peak light intensity increases with increasing spark gap separations.
Th e  earliest spark gaps by various res e arch e rs  in the last century have 
a comparable low light output. Th e  perform ance of the argon-je t gap 
is excellent for single shot applications. H o w e ve r, like all e a rlie r  gaps, 
it failed to operate efficiently under repetitive flashing. It must be 
pointed out that, although the argon-jet gap is capable of repetitive  
flashing, the gap is classified as unsuitable for repetitive operation  
because the second and successive sparks produced by this gap are  
not stable and are  therefore not suitable for schlieren photography. On 
the other hand, if the gap is made small ( i . e .  a small source size) 
and is used to provide light for shadowgraph w o rk  then it may be 
classified as a successful repetitive spark* gap as slight w andering of 
the light source in shadowgraph w o rk  is permitted though undesired.
T h e  capabilities of the present spark gaps, both in the number of 
sparks obtainable in any single operation and in the range of flashing 
ra te s , is summarised in F igure  34 . F rom  F igures 33 and 34 , it can 
c learly  be seen that the sandwich argon gap is the most outstanding.
T h e  modular argon gap is capable of giving a large number of sparks  
in a single run at the expense of slightly low er light output w hile the 
simplicity of the end fire  argon gap is outweighed by the limited number 
of sparks that may be obtained in a single operation.
T o  conclude, F igure  35 has been draw n to compare all the different 
types of spark gaps to date.
X
oz
1*375,, asBBSSKseassscsrsz&a:
fel-250g-
_J
Oz
<  a, tn
z>
2
x
<
2
0*750
i_
O *500
0*250
0*125
O
ss3 S g ^vs*g sg ya a g sra £ S B & gasg3aai3gg» ra «i ^ g:n flr e t^ *«v:^^
END-FIRE ARGON GAP
SANDWICH ARGON GAP
MODULAR ARGON GAP
ARGON-JET GAP
L LIBESSART GAP ©  SANDWICH GAP(g)
@ OPEN AIR GAP 
/ ' O  TUBE GAP
END-FIRE GAP
0 .2 0 .4 0 . 6  0 . 8  1 . 0 , 1 . 2  1- 4
RELATIVE PEAK LIGHT INTENSITY
FIG 33 THE MAXIMUM SPARKING LENGTH OF VARIOUS SPARK GAPS
AND ITS RELATIVE PEAK LIGHT INTENSITY
Jg S tB 3 B S ^» yS S )B S S S ^ ia ^ !!S S U a S S e a iS B S X B B e B a B iB
■J
Cl
C
OCP
*- ^ Clo  £ § :
*£ ' o
2  2^  
« 0 -° “
assrj
( £ 0
c
O
C  c  o O
£ < <  
JZ c --c :u.y.y
' £  £ £  -O TJ-O 
c  c  €Z 
O O D
in  to to
— o © © -
oS
w wPL <X > : >>.
I I
s s
2  §cx a.
c  c
°  &  C7» CP
< <
LJ
H~
O
Z
X
LO
<
-J
l i ­
fe* JZu
M a x i m u m  p o s s ib le  w ith  
Spark Light Unit
L l 3s ~o 
*o c  
c  o  
UJ to  
- - ©  —
N
X
_x:
CM
©
O
- i  00
- I  o
CM
Lt-J
0 1  
a:tij 
CD
2  
3  
Z
2  
3
1
X  
<
2
UJx  
i -
a \  
z  
<1
to
UJ
o  z  
<  
a:
a  z
x  to 
<
-J  
Li.
‘ - I
UJ UJX z  
M O
Z
O
£
(X
LLl
a
O
x
h*
to
CL<
O
£
Sto
Z \
UJ
3
CQ
<z
£
UJ o >
© -  O
P
UJ
CL
UJ
CL
vr
CO
to
X
a
to
O
>ibVd3 dO
JL 
co
U39W0N
- iU J
oooo oxoooo
x CQ O
CSJ<NCSJCXIoq rH
ooooo
o
00
ooo<Noxm o00 oro
oooo
om
OX
oo
00
oo
00
oo
00
o
00 rHtHtHo
ox
00
rH r»ox
rH
IX-
OX
o*
oxox
Q  b tH
tf*grrgm5ggg£isr4fl5ffi>*5xssgcgs^
FI
G
U
R
E
 
35
 
S
P
A
R
K
 
G
A
PS
 
FO
R 
S
IN
G
LE
 
& 
R
E
P
E
T
IT
IV
E
 
O
P
E
R
A
T
IO
N
S
A P P L IC A T IO N S  O F  S P A R K  L IG H T  S O U R C E S  
T O  T H E  S T U D Y  O F  U N S T E A D Y  G A S  F L O W
T h e  p re se n t s park light sources are  applied to the study of the diaphragm  
opening process and the shock formation process as discussed in 
Chapter I I I . 3 and the shock wave-propagation in discontinuous ducts 
as discussed in Chapter I I I . 4 . Tests  on the suitability of the proto-types  
w e re  made and are  presented in Chapters I I I . l  and 111.2.
Ill .1 A U T O - S C H L IE R E N  P H O T O G R A P H Y  O F  S P A R K
-A  P R E L IM IN A R Y  T E S T  -
T o  test the suitability of the early  version of the sandwich argon gap 
( i . e .  proto-.type I -  Chapter V I . 1 .4 )  without unnecessarily involving 
another rapid event, some auto-schlieren photographs of the sparks  
w e re  taken by using the technique as explained in the A ppendices- 
Chapter V I .  1 .1 .
T h e  technique of multiple exposures on to a single photographic plate 
w as adopted. Th is  method necessitates the reduction of light intensity 
of every  sparks so as to prevent the film from  being over-exp o sed , 
which explains the sub-standard quality of the photographs of P late 1 .
r
T h e  result of this pre lim inary test, as shown in Plate 1 , reveals  
enough definition and w ave interactions for the photographs to be 
inform ative. Th is resu lt, th ere fo re , c learly  indicates that the sparks  
of this gap are  capable of being used for schlieren photography.
W ork then proceeded on the development of proto-types II and III 
(see Appendices -  Chapter V I .  1 .5  and V I .  1 .6 )  and the final design 
of Chapter I I . 9 and their applications are  discussed in the following 
chapters .
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PLATE 1
AUTO-SCHLIEREN PHOTOGRAPHS of SANDWICH ARGON-JET SPARKS
I l l .2  R O C K E T  IG N IT IO N  P R O C E S S
- A P P L IC A T IO N  O F  P R O T O - T Y P E S -
T h re e  spark gaps, namely the argon-jet gap, the sandwich argon gap 
(proto-type II -  see Chapter V I . 1 .5 )  and the end fire  argon gap (P ro to -  
type II -  see Chapter V I .  1 .8 )  w e re  put to practical tests at the Atomic 
Weapons R esearch  Establishment at Foulness and the results obtained 
reveal many important featu res .
F irs t of all, the photomultiplier recordings of the argon-jet spark light 
source w e re  conducted with and without a schlieren slit in the optical 
set-up as shown in F igures 36a and 36b. T h e  photomultiplier 
recording (without the schlieren slit) shows a near constant light 
output for all the sparks, while that when using the set-up of F igure  
36b ( i . e .  with the schlieren slit) shows the firs t spark to have a 
high level of intensity ( i . e .  normal intensity) and the second and 
successive sparks to have a low and v e ry  uneven intensity. T h ese  
observations indicate that the first spark w as stable while the second 
and successive sparks w e re  w andering.
S im ilar photomultiplier recordings using the optical set-up of F ig u re  36b 
w e re  conducted with the end fire  argon gap and the sandwich argon gap. 
T h e  results are  illustrated in F igure  3 7 . Th ese  reveal that the sparks  
of the end fire  argon gap and the sandwich argon gap w e re  stabilised.
T h e  three gaps w ere  used to photograph the rocket ignition p rocess .
A  prlim inary account of this w o rk  is presented in the U . K . A . E . A .  
Fouinee Range R eport N o . 5 /7 0  (R e f. L S U 1 )  . T h e  results of the 
tests are  reproduced in P lates 2, 3 and 4 .
Plate 2 shows part of the cine-film  strip and some individual, fram es  
taken , by using an argon-jet gap. It can be seen that the movement 
of the spark, though sm all, was sufficient to cause uneven illumination
and the disappearance of some images on the cine-film .
ar
go
n 
je
t
UJO/llOAg
gap separation •' 3 /8  inch 
flashing ra te : 7 kc Is.  <
a. argon jet gap
■
•5 ms /cm
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constriction bore-" 3 /64 inch 
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•5 ms/cm
c. sandwich argon gap gap separation"- I inch
sandwich widttv 1/32 inch 
flashing rate : 7 kc Is.
FIG 37
PHOTOMULTIPLIER RECORDINGS FOR THREE 
DIFFERENT SPARK GAPS
P I ate 3 shows how the use of the end fire  argon gap brought an 
immediate im provement. It shows part of the cine-film  strip and a 
succession of individual fram es . A  total of 50 fram es w e re  recorded  
P r io r  to the use of this gap in the rocket experim ent, the gap had 
undergone strenuous photomultiplier recording tests. Unfortunately, 
by the time the gap, whose constricting bore w as of perspex, 
methyl m ethacrylate, w as used in the rocket experim ent, it burnt 
out during firing which accounts for the light modulation as shown. 
H o w e v e r, later designs, shown in F igure  30 , incorporate tubings 
whose m aterial can withstand high therm al shock thus producing 
stabilised sparks as later applications in Chapter I I I . 4 w ill illustrate.
P lates 4 and 4a show the results obtained when the sandwich argon  
gap (P ro to -typ e  II) w as used. It w ill be seen that this produced 
pictures of good quality and the slight light modulation w as mainly due 
to the fact that the pressure perturbation in the spark channel w as  
varying from spark to sp a rk . Although the rated value of the spark  
light unit is 100 sparks per single operation, 135 fram es w e re  success 
fully photographed as shown in Plate 5 .
Plate 2 . Cine photographs of Rocket Ignition using A rgon Jet Gap
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Plate 3 . Cine-photographs of Rocket Ignition using End F ire  A rgon Gap
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Plate 4 . Cine-photographs of Rocket Ignition using 
Sandwich A rgon Gap ( proto-type I I )
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Plate 4a . Cine-photographs of Rocket Ignition using 
Sandwich Argon G$> (proto-type II)
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I I I . 3 D IA P H R A G M  O P E N IN G  & S H O C K  F O R M A T IO N  P R O C E S S E S
I I I .3 cl IN T R O D U C T IO N
M any investigations (R e fs . S T E 6 , S T G 6 , S T H 4 , S T H 4 8 , S T L 1 9  
& S T S l l )  have been made of shock w ave velocities in shock tubes.
Good agreement between m easured and theoretically predicted shock 
velocities w as found for low diaphragm pressure ratios but an increasing  
deficiency of shock velocities was observed as diaphragm pressure  ratios  
w e re  increased. Th e  deficiency has been attributed to the shock 
formation process and hence the shock formation distance as reported  
by W H IT E  /S T W 5 /  (1958) ; S IM P S O N  et al / S T S 1 4 /  (1966) and 
S A T O F U K A  / S T S 22/  (1970) among many others.
Theoretica l w orks by various res e arc h e rs  include the:
1 . Ideal Shock Tube T h e o ry ;
2 . Form ation-from -C om pression T h e o ry  by W H IT E  /S T W 5 /  (1958) ;
3 . D iaphragm -O pening Model T h e o ry  by K IR E Y E V  / S T K 7 /  (1962) ;
4 . M ulti-S tage Form ation -from -C om pression T h e o ry  by 
IK U I et al / S T U /  (1968) .
A ll these theoretical w orks have been based on the one-dimensional 
analysis. A  m ore recent w o rk , which is based on the two-dim ensional 
analysis, is that of S A T O F U K A  / S T S 2 2 /  (1 9 7 0 ). Satofuka used a 
simulated 's tep w ise1 diaphragm opening process in his num erical 
investigations and his results indicate that shock formation distances tend 
to increase with diaphragm opening time and diaphragm p ressu re  ratio  
(c f. R e f. S T E 6 ) .
Experim ental investigations on the shock formation process have been 
perform ed by G E IG E R  & M A U T Z  /S T G 1 4 /  (1949) with cellophane 
diaphragms in a 2 ,,x7u shock tube using shadowgraph technique. S im ila r  
w o rk  was c a rried  out by L O B B  / S T E 6/  (1950) and H O O V E R  / S T H 1 1 /
(1 9 5 3 )o IK U I & M A T S U O  / S T I 1 /  (1968) have also investigated the
process in a 38mmX38mm square shock tube by using the schlieren  
technique. A ll these experimental investigations have been carried  
out with cellophane diaphragm s. T h e  investigations, though v e ry
informative, do not show any clear jet pattern as would be expected
(Refo S T H 1 9 ) * T h e  cause was probably due to the fact that a
two-dimensional optical system was used to photograph a th re e -
dimensional flow field which is highly turbulent.
E a r lie r  w orks on metallic diaphragms included those of W H IT E  /S T W 5 /  
(1958) ; H O O K E R  / S T H 6/  (1961) and R O S H K O  & B A G A N O F F  
/ S T R 5 /  (1961) among many others. M o re  recent w o rks  in this field 
are  by C A M P B E L L  et al / S T 0 3 /  (1965) and E D W A R D S  / S T E 8/  
(1970) . No schlieren photographs of flow emerging from rupturing  
metallic diaphragms have been conducted by the above re s e a rc h e rs .
Cellophane diaphragms can only be used for v e ry  low diaphragm  
pressure  differences. F o r  high d riv e r p ressures , metallic diaphragms 
must be used. T h e  results of the rupturing process of cellophane 
diaphragms cannot be applied to that of the metallic diaphragms as their 
nature of burst is totally different. T h e  cellophane diaphragm shatters  
once it is ruptured while the metallic diaphragm tears and petals out 
when ruptured.
Qualitative analysis on the shock formation process by H E N  S H A L L  
/S T H 1 9 /  (1955) explained that when the bowed diaphragm is rup tured , 
a series of curved compression w aves a re  propagated into the channel. 
These compression waves v e ry  quickly coalesce to form a curved shock 
w av e . Its profile w ill become less curved as it progresses down the 
channel. R egular reflection of this curved shock w ill take place at the 
w alls of the tube until the angle of incidence of the shock is such that 
regu lar reflection of the shock is impossible and the shock then undergoes  
Mach reflection (R e f. S T C 8) . T h e  triple points of the Mach reflection  
move towards the centre of the tube, thus producing a plane shock w a v e .
Subsequently, the triple points continue to move back and forth across
the tube until the secondary branches of the Mach configuration a re  v e ry  
w eak and d isappear. F ina lly , an optically flat p rim ary  shock is propagated 
down the channel.
Although H ensha ll's  explanation is a v e ry  plausible one, it must be pointed 
out that the explanation did not take into account the types of diaphragm used 
T h e  fact that different types of diaphragm m aterial affect the diaphragm  
opening time and the shock formation process meant that the geom etry of 
the metallic diaphragm petals must be of great importance too. Th is  
petal geometry has been overlooked by previous re se a rch e rs  and 
experimental investigations are  vita l.
Thus it seems clear that a fu ller understanding of the metallic diaphragm  
rupturing process; the shock formation process and its formation distance 
is called for and for which w o rk  was conducted and the results discussed 
in the following chapters .
II1 .3 .2  E X P E R IM E N T A L  IN V E S T IG A T IO N S
T h e  aim of the present w o rk  is to investigate the effect of the use of 
different types of metallic diaphragms on the diaphragm opening time 
and its shock formation process.
A ll the present w o rk  conducted was c a rried  out on the U n iv e rs ity 's  
2"x2" shock tube which w as originally designed by E D W A R D S  / S T E 1 5 / .
A  sketch of which is reproduced in F igure  38 . T h e  diaphragm  section 
and the shock formation section w e re  added to the main shock tube for 
the present w o rk  and a re  discussed below.
*
I I I . 3 .2 .1  Diaphragm  Section
T h e  diaphragm section of the shock tube is as shown in F ig u re  39a* 
T h e  windows of the d r iv e r  and the driven sections each m easures
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4 !J long x 2n high0 T w o  methods of rupturing have been employed; 
the controlled rupturing and the natural rupturing.
i 0 controlled rupturing
Controlled rupture of the diaphragm by mechanical, electrical o r  
other means is often p re ferre d  to natural bursting by pressure  
alone in o rd er to gain precise control of bursting pressure  and 
precise moment of bursting.
T h e  commonest method of rupturing metallic or non-m etallic  
diaphragms by .controlled method involves mechanical piercing  
with a sharp plunger which may be operated manually, by a 
spring driven solenoid (R e foS T G 1 0 ) o r pneumatically (R e f.
S T G 1 6 ) . Another mechanical method by R O S H K O  &
B A G A N O F F  / S T R 5 /  (1961) is the use of a diaphragm cutter 
which consists of two blades set at right angles in a cruciform  
configuration and positioned in the shock tube on the low p ressure  
side of the diaphragm . T h e  limitation of this method is that 
only w eak diaphragms may be used.
Among the electrical methods a re  those by H A R S H B A R G E R  
/S T H 3 4 /  (1957) who induced the rupture of thin metallic diaphragm  
by burning a small hole with a high voltage electrical sp ark  d ischarge  
Davis / S T D 1 9 /  (1 9 7 0 ), in his electrical method, ruptured the non- 
metallic diaphragm by passing a heavy curren t through the w ire s  
on which the pressurised diaphragm res ts .
Double o r multiple diaphragms method (R e fs . S T B 2 9 ;  S T H 3 5  & 
S T R 1 1 ) is yet another possibility although the operations and the 
results may be somewhat m ore complex.
f
O f the three classes of method, the electrical method is most 
easily controlled. T h e  time delay for the electrical method can 
be as short as a few microsecond while that of the other methods
are  of the order of one hundred m icrosecond. Although the 
electrical method is of an o rder of magnitude or m ore better than 
the other methods there is , ‘how ever, some question as to w hether  
microsecond accuracy is w arran ted  in view  of the probable variations  
in the diaphragm rupturing process following the initiation of ru p tu re .
A i r  the methods used by the previous research ers  a re  unsuitable 
when phtographic studies of the diaphragm opening process by 
schlieren technique is conducted. A ll of them induce auxilliary  
flow patterns and, in particu lar, the electrical method induces regions  
of hot gases into the flow1 field thus confusing the actual flow .
T h e  present method of controlling the diaphragm rupture is as 
shown in F igure  4 0 . In the present set-up , the p ressure  loading 
on the diaphragm exceeds the natural bursting p ressu re  by between  
5 to 10%. Th is  overpressure  does not initiate the rupture due to 
the fact that the w eakest part of the diaphragm is supported by the 
step as shown in the ’ hold* position of F igure  4 0 . T h e  rupture  
of the diaphragm is initiated by detonating an I Cl self latching 
piston actuator of type M P A 27  which levers the step aw ay from  the 
diaphragm , as shown in the ’ f i r e 1 position, thus breaking the 
support which results in the rupture of the diaphragm . Consistent 
opening perform ance, better than 50 m icrosecond, w as produced 
enabling the series of photographs, P late 12, to be obtained at 
different controlled time de lays.
i i . natural rupturing
In the uncontrolled natural rupturing, the cham ber p res su re  is 
steadily increased until the diaphragm bursts naturally . In the 
present w o rk , it was found that precise rupturing p ressu re  may 
be obtained if the cham ber pressure  be made just below the
natural bursting pressure (of the o rd e r of 5%) but high enough fo r
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creeping of the diaphragm to take p lacec The diaphragm w ill 
then rupture after a certain period of elapsed time of the o rd e r  
of one minute as is shown in the Appendix V I . 2 .1 .
Once the rupture of the diaphragm is initiated, a signal is usually  
required from  this initiation to trigger other electronic devices. 
V arious methods have been used like ;a< microphone on the tube 
w all o r a thin w ire  stretched across the diaphragm (R e f. S T S 1 4 )  . 
T h e microphone method is v e ry  unreliable and the w ire  method 
gives an e r r o r  due to delay of 20 to 70 m icrosecond. An  
ingenous method, called the claw method, w as developed by 
E D W A R D S  / S T E l 5 / and the e r ro r  due to delay is of the o rd e r  
of 10 microsecond as Appendix V I . 2 .2 .  shows.
III.  3 .2 .1 .1  Types of D iaphragm
Five  types of groooved alluminium diaphragm have been used and four 
of them are  as shown in F igure  41 . T h e  most commonly used one is 
the cruciform  configuration which is called the fX r type. Th is  fX *
type diaphragm produces a three-dim ensional initial flow . T h e  other
types a re  the 1U 1; the 1H 1; the asym etrical fH l and the through-cut 
1 U f . T h e  last four types of diaphragm w e re  chosen as they produce  
a n early  two-dimensional flow which is essential fo r two-dim ensional 
photographic investigations.
V e e  groovings w e re  used on all the different types of diaphragm  except 
the through-cut 1U 1 type w h ere  a l / l 6n milling cutter w as used. T h e  
diaphragms w e re  grooved on a milling machine. A  vacuum chuck, s im ilar  
to the one used at the U niversity  of Toronto (R e f. S T D 1 8 ) w as used
to hold the thin aluminium diaphragm .
T h e  groovings of the * X f ; the f H f and the asym m etrical 'H *  type 
diaphragms a re  straight fo rw a rd . T h e  depth of the vee groovings is
FIGURE 41 
TYPES OF DIAPHRAGM
the same throughout. H o w e ve r, special groovings a re  necessary for  
the fU f type diaphragms w h ere  the depth of the groove at certain  places 
has to be g rea te r than at other places as shown in F igure  42 . Th is  is 
to ensure that the initiation of the rupture takes place at the c o rrec t  
position as asym metrical rupture might resu lts , as shown in P late 6 , 
with the risks of damage to tube w all w indow s.
In the case of the through-cut !U 1 type o r ! F la p ! diaphragm , the thickness 
of the aluminium diaphragm must be g rea ter in o rd e r to provide enough 
support fo r a 0.010  inch thick cellophane diaphragm which also acts as a 
seal. In the experim ent, the aluminium flap w as supported by a step at 
the unhinged end. T h e  cellophane and aluminium combination w as then 
pressurised to 20% above the natural bursting pressure of the cellophane 
diaphragm . T h e  rupture of the cellophane diaphragm w as initiated by the 
rem oval of the step. T h e  disadvantages of this type of diaphragm a re :
1 . the diaphragm opening process is m ore complex as it involves
the cellophane diaphragm and the aluminium flap.
2 . the shattered cellophane causes interference in the flow .
3 . Non-uniform  shattering of the cellophane diaphragm is another 
problem and large fragments of it can be seen in P late 6 .
I I I . 3 . 2 .2  Shock Form ation Section
D ue to the fact that the length of the schlieren windows of the diaphragm
section is ra th er limited, another w orking section
w as designed and is as shown in F ig u re  39b. T h is  provides a 
w orking section whose distance from the diaphragm varies from  one to 
five hydraulic d iam eters.
I I I . 3 .2 .3  Schlieren System
T h e  system used was of the conventional nZ n type. T w o  8 foot focal 
length schlieren m irro rs  w e re  used together with a plane schlieren  m ir ro r
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which focused the image down to an acceptable size for the 35m m . 
H P 4  black & white roll film . Single shot technique w as adopted, 
using the sandwich argon gap, the end-fire  argon gap and the 
modular argon gap, to photograph the diaphragm opening and the 
shock formation processes with the above schlieren system.
I I I . 3 .3  R E S U L T S  and D IS C U S S IO N S
T h e  results of the experimental investigations are  discussed in two 
chapters : I I I . 3 .3 .1  and I I I . 3 .3 .2 .
I I I . 3 .3 .1  Diaphragm  Opening P rocess
Diaphragm  opening process is a complicated process as a resu lt of 
complex flow pattern around the diaphragm during rupturing . Added  
to this complexity is the dynamic s tress-s tra in  processes within the. 
diaphragm itself. Close agreement of diaphragm opening time 
between theorectical and experimental results has been found by 
E D W A R D S  / S T E 1 5 /  (1 9 7 3 ). In his w o rk , E dw ards used an 
isentropic expansion theory assuming critical p ressure behind the 
rupturing diaphragm petal. He found that the p ressure  loading on 
the rupturing diaphragm is a function of the opening apecture which  
approximates v e ry  nearly  to a linear function. T h e  maximum  
pressure loading being 0 .4 5  of that of Presen  ^ w o rk , a
linear function is assumed, and at any instant the force acting on 
the petal is assumed to be uniform over the petal surface and acting 
at its centroid. T h e  moment due to bending stresses in the petal is 
also assumed to be constant throughout the rupturing p ro c e ss .
( 4
Th e  equation of motion for the diaphragm petal may be w ritten  as :
I ©  -  F x  -  M I I I . l
w h ere  I = moment of inertia of diaphragm petal about its base line. 
F  = force acting on diaphragm petal.
x = distance of centroid of diaphragm from its base line.
M — moment due to bending stresses in diaphragm petal.
Th e  moment of inertia about the base line for various types of 
diaphragm a re :
H  type: I = £I_14
H  24
U type: . I = PT 1^U
X  type: = PT 1
A
Assym etrical H  type: I „  -  L f i l l  (S m al| F , }
3
4i
96'
4i
512
III. 2
H  ^1536 (L a rg e  Flap)
_ ^
The initial p ressure loading is assumed to be 0 .4 5  P ^  and the pressure
• ^
loading on the rupturing diaphragm is assumed to be a linear function 
of the opening apecture, being 0 .4 5 P ^  when ©  = 0°  and ze ro  when  
© = 9 0 ° . T h e re fo re , w e have the respective forces acting on the 
various types of diaphragm as follows:
?
1 9 f t '
H  type: F H  = °  *4 5 P 41 ( 1~ ~  >
9 9ft
U type: F u  = 0 .4 5 P ^  .1 . (1 -^ r )
X  type: F  = 0 .4 5 P  . (1 -T r )  ............ I I I . 3
4
2
Assym etrical H type: F ~  = 0 . 45P^^ .~ ~ .  ( l - -^ )
F , ■ n 512 26,
H 0 . 45P^^ q • (1 ~ rr )
*  R ef: E D W A R D S  / S T E 1 5 /  ( 1 972 ) .
Assuming uniform stress distribution in the rupturing petals, the 
moment due to bending stresses for all the five cases may be 
w ritten a s :
. ' M -  o i l?   .111.4
4
Substituting equations III. 2, III. 3 and I I I . 4 into I I I . 1 gives the followings
90 9
n r . - -  n -  27P  . ( l - ' i r )  (1 -  40a t )
H  typ e ' H -  20 41V F '  W 7 M 1 -2 L )
41 tt 
2 7 „  ( 1 - t t J  !1 10aT — ' ]U type: 6 , .  = — p  P op i( 20) )
U 20 41 PTl y 41 t l - t H
X  type: 6V = S p  ( l - T r ) l l A r 2— 7— -  3 . . . H I .
5 41' pTT ( 3 P ^  1 j x _ jg . ) )
2
A ssym etrical H  type: 0“  = ^ p  (1 ~yr~J ( X — -------  j
H  5*41 UpTr T  S l P ^ l ^ ) )
e „  = 27 (, 2 H .  128crr
— — P .11 * 1- t H  l l - T T g — r , „0 ,25 414-prr— U  45P41l j 1_J0.j
since t « I  and o m secon<  ^ term  in the square bracket
above may be neglected as a first approximation. T h e  resulting  
relations may then be integrated twice to give:
t _ __  1_______________  { C 6 — 1 ^ jjj
H, U, X , H, H - -/ic =— arc cos ( ceG- i>
w h ere  C = 2/tt , ©6 = initial diaphragm deflection just before rupturing
The diaphragm opening tim e, t > o^ r various types of diaphragm  
is therefore found by substituting 0 = n/2  into equation I I I . 6 .
i
I I I . 3 . 3 . 1 . 1  A lum inium -backed Cellophane Diaphragm
In the earliest experimental investigations of the diaphragm rupturing  
process, aluminium-backed cellophane diaphragms w e r e  used to 
investigate the initial flow phenomenon. T h e  flow pattern produced 
by this type of diaphragm w as unsatisfactory due to the fact that when  
the rupturing w as initiated, the cellophane diaphragm ruptured immedi­
ately along the edge of the aluminium flap allowing a high seepage of 
gas around the la tter*s  edge which camouflaged the initial compression  
waves in the channel. T h e  contact region, which is highly turbulent 
and th ree-d im ensional, was also obscur ed by this seepage and its 
front surface could not be detected. T h e  results a re  shown in Plates  
7 and 8 .
The rupturing of the cellophane diaphragm recorded by the present w o rk  
is v e ry  different from those of the other rese arc h e rs  in that the cellophane 
diaphragm did not shatter completely into small pieces but into ra th er larcp 
fragm ents. Th is  w as due to the fact that the cellophane diaphragm w as  
supported, to a large extent, by the aluminium flap. These large fra g ­
ments of cellophane diaphragm interfer ed with the actual flow thus compli­
cating the flow pattern and hence its interpretation. T h e  interpretation  
is further complicated by the effects of v irtually  two diaphragms which  
had large initial deflections causing a three-dim ensional initial flo w . T h e  
failure to rem ove the step well aw ay from  the unhinged end of the alumin­
ium flap introduces another complication.
The results obtained by using this type of diaphragms is not v e ry  
inform ative. H o w e v e r, in the theorectical analysis, the assumption is 
made that the rupturing time of the cellophane diaphragm is negligible, 
which is quite reasonable as shown by the photographs of P lates 7 and 8 .
T h e diaphragm opening time is then that of the aluminium flap only.
The theorectical and practical results for 5 .8  a re  1340 and
. 5800 microseconds respectively while that for 1 .3x 10 a re
970 and 600 microseconds respectively when the initial deflection of 
the diaphragm is assumed zero .  T h e  opening time is much shorter in . 
practice than in theory which is not surprising due to the la rg e  initial 
deflection of the diaphragm . When an allowance of 3 0 ° is made for the 
initial deflection of the diaphragm , the theorectical curve and the experi­
mental results agree closely as shown in F igures 43 and 44 .
I I I . 3 . 3 . 1 . 2  H type Diaphragm
A  fresh approach to create a two-dimensional initial flow w as made 
which totally eliminated the use of cellophane diaphragm s. T h e  new  
approach employed the H  type diaphragm s. Natural rupturing technique 
was used.
Aluminium diaphragms of two thicknesses w e r e  used: 0.021  and 0.037  
inch respectively. T h e  thinner diaphragm tended to twist and bow.
This is shown in Plates 9 and 10. T h e  tendency of the thin diaphragms 
to vibrate upon hitting the sides of the shock tube can also be seen in 
photographs t ^  and t ^  of P late 9 . T h is , how ever, w as not noticeable 
in the case of the thicker diaphragm and is probably due to the higher 
magnitude of bending moment. G enera lly , the th icker diaphragm  gave 
better consistency.
Th e  quality of the schlieren pictures as shown in Plates 9 , 10. and 11 
reveal that a v e ry  nearly  two-dimensional flow w as obtained as the 
pictures would be unlikely to be as good if the flow w e r e  three-d im ensional 
S ide-se?epage, though sm all, can be seen in the P lates . T h e  low 
magnitude of seepage was achieved by making the width of the diaphragm  
to v e ry  nearly  the same width as the tube. In fact a 1 . 95 0  inch w ide  
diaphragm was used (the shock tube width being 2 .000  inches) . T h e
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seep age  did not interfere with the flow pattern to any significant amount.
. T h re e  sets of results w e r e  obtained using this type of diaphragm s:
1 . 0 .021 inch diaphragm with P ^  = 7 .5
2 . 0.021 inch diaphragm with = 9 .5
3 . 0 .037  inch diaphragm with = 9 .5
T h e  schlieren photographs a re  presented in Plates 9, 10 and 11 re sp e c ­
tively . The rates of diaphragm opening time w e r e  determined from these 
photographs and the results a re  presented in F igures 45, 46 and 47 .
Due to the fact that the photographic investigations could not be ca rried  
out v e ry  near to the diaphragm plane because of practical difficulties, no 
experimental points was obtained for the angular displacement of less 
than 20° .
T he total diaphragm opening times for the three respective cases a re :
575, 475 and 625 m icroseconds. T h e  corresponding theorectical curves  
using equation I I I . 6 of Chapter I I I . 3 . 3 . 1  with Go = 1 0 °  agree closely with  
the experimental results as shown in F igures 45 , 46 and 47 .
I I I . 3 . 3 . 1 . 3  U type Diaphragm
T h e effect of the length of diaphragm on the diaphragm opening process  
w as investigated by using an U type d iaphragm . Controlled rupturing  
technique was employed using aluminium diaphragm of 0 .037 inch in 
thickness. Special grooving of the diaphragm , sim ilar to that discussed  
in Chapter I I I .3 . 2 . 1 . 1 ,  was  adopted and the diaphragm pressure  
difference w as 9 . 5 .
T h e  U type diaphragm is the most troublesome and presented a lot of 
difficulties among which is its high tendency to tw ist during rupturing . 
H o w e v er, due to controlled rupturing, the p ressure  prio r to bursting 
was easily kept to well within 5%.
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Plate 11 . Schlieren Photographs of D iaphragm  Opening
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Plate 12 shows that a v e ry  nearly two-dimensional flow w as obtained. 
The seepage, though sm all, w as not significant.
One set of schlieren photographs was obtained and its corresponding  
diaphragm opening history was plotted as shown in F igure  48 . T h e  
total diaphragm opening time w as found to be about 850 m icroseconds  
which is about 150% higher than that of the H  type diaphragm
operating under the same initial conditions. T h e  theorectical result
using equation I I I . 6 of Chapter I I I . 3 . 3 . 1  is 900 microseconds which  
agrees closely with the experimental result in tspite of a zero  initial 
deflection assuption in the theory.
I I I . 3 . 3 . 1 . 4  Assym m etrical H  type Diaphragm
Creating an abnormal diaphragm ru p tu re , such as the natural rupture  
of an unscribed diaphragm , is not difficult. H o w e v e r, it js  quite 
impossible to repeat the process identically. In an effort to under­
stand the effects of abnormal diaphragm rupturing on the diaphragm  
opening time and hence its shock formation process and the need for a 
reproducible diaphragm rupture , an assym m etrical H type diaphragm was  
used. Th is diaphragm was used to create a process which simulates 
that created by an abnormal diaphragm ru p tu re . T h e  use of the 
assym m etrical H  type diaphragm provided both easy and identical re p ro ­
duction of the simulated "abnorm al rupturing process" .
Aluminium diaphragm of 0 .03  7 inch in thickness w as used. T h e  ratio  
of the length of the minor petal to that of the m ajor petal of the diaphragm  
was 3 : 5 .
One set of schlieren photographs w as obtained and its corresponding  
diaphragm opening history is presented in 49 . A s  shown in P late 13} 
a v e ry  nearly  two-dimensional flow w as obtained. T h e  seepage, though 
sm all, w as visib le.
Plate 12 . Schlieren Photographs of Diaphragm  Opening
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Th e total diaphragm opening time for this type of diaphragm is much 
longer than that of any other types of diaphragm discussed previously. 
The experimental resu lt of the diaphragm opening time w as about 850 
microseconds for both the flaps compared with a theoreetical results of 
560 and 775 microseconds respectively for the minor and m ajor petals. 
Z e ro  initial deflection of the diaphragm being assumed in the theory .
T h e  discrepancy of about 30% indicates that the second term  in the 
square bracket of equation III .  5, i . e .  the bending moment te rm , is of 
significance. T h e  present theory has not been modified to take care  
of this type of diaphragm as it is unlikely that this sort of diaphragm  
rupture w ill be encountered in general practice .
T h e  results of this chapter indicates that an abnormal diaphragm rupture  
causes prolonged opening time of the diaphragm w hich, as w ill be 
discussed in Chapter I I I . 3 . 3 . 2 . 4 ,  can be detrimental to the  shock fo rm a­
tion process and its formation distance.
I I I . 3 . 3 . 1 . 5  D re w ry  & W alentafs Results
T h e  present theory is also applied to the U niversity  of T o ro n to ’ s 
experimental w o rk  (Ref .  S T D 1 8 ) and the results a re  as shown in 
Figure  50.
T h e  discrepancy between the present theory and the practical results  
of D re w r y  and Walenta is mainly due to the fact that D re w r y  and 
Walenta used c ircu la r diaphragms instead of the square diaphragms on 
which the present theory is based. T h e  estimation of the moment due 
to bending stresses in the case of the c ircu lar diaphragms is m ore  
complex than that of square diaphragms and the assumption of a uniform  
bending moment throughout the entire opening process in the, present 
theory is , therefo re , no longer valid for the case of c ircu la r diaphragm s. 
This is especially so tow ards the final stages of the opening process  
stages of the opening process when the opening angle, 0 , reaches about
to
b3
COQjcr
3Id
Haa:
i S
XH
a:
Otr
a:
tU
o
r-
h-' 
Z
u i"tO)llJ
to
a:
Q
Ql
Ql
aJ
Om
%o
to
<■
h-
3
o
r-
cm
to
=*
-PO'
cp
ro
o '
oo
00
_ o ^ o
0 -
p
(£ •
CO r -
in
ro
NO
O
r-
vO
O
O'*
vO
O
O
oo'
O
*
o '
O
o
m
oo'
o
r^ -
o '
uo
co
NT
O CO
O o
sr CO
m
ro
&
%
jdo'
CM
-Po ' -po'in
co
O in in
O (7*
r"- vO
-P oO o '
O r»
in o
JDO'
CO
O o
CO
O
CO
-Po'
O J
in
o'
(M
O
CM
CM
O
r**
vo
^o
o
CO
o
CO
r»
o
in
oo
ro
Q
to
2
53
0
c£
a
§oc a
a;
FIG
UR
E 
50 
RE
SU
LT
S 
OF
 
DI
AP
HR
AG
M
 
O
PE
NI
NG
 
TI
M
E
o60 when a deceleration period was observed to have taken place as 
recorded by D R E W R Y  & W A L E N T A  /S T D 1 8 /  (1965) as w ell as 
C A M P B E L L  et al / S T C 3 /  ( 19 65 ) .  T h e  deceleration is hard ly noti­
ceable in the case of the square diaphragms until ve ry?la te  in the 
rupturing process, i . e .  when the opening angle, 0 , reaches m ore than 
85° ,  w h ere  the deceleration is possibly attributable to the increase of 
pressure gradient in front of the petal ra th er than the bending s tre s s e s .
III. 3 . 3 . 1 . 6  Sum m ary
Schlieren photographs of the diaphragm opening process w e r e  obtained 
for four different types of diaphragms as shown in Plates 7 to 13 . No  
schlieren photograph of the flow phenomena near the diaphragm w e re  
obtainable for the case with the X  type diaphragms owing to the fact 
that the side petals might damage the schlieren windows upon rupturing.
It is c lear from these photographs of P lates 9 to 13 that a jet is v is ib le , 
emerging from the cham ber. A  turbulent mixing region surrounds the 
jet in all cases.  Curved w aves can be seen propagating ahead of the 
fo rw ard  face of the turbulent zone,* the latter replaces the idealised 
contact surface in a rea l shock tube.
The diaphragm opening time of the X  type diaphragm w as determined  
by the photomultiplier technique, while those of the other types of diaph­
ragm w e re  determined both by the photomultiplier method and from the 
schlieren photographs. T h e  disadvantage of the photomultiplier technique 
is that it is difficult to assess exactly the time at which the diaphragm  
becomes fully open as the photomultiplier output is proportional to the 
cosine of the diaphragm opening angle, 6 , and the rate of change of 
cos 0 becomes relative ly small towards the last phase of the opening 
process. Th e  photomultiplier technique has the added disadvantage 
that it does not give the rate of diaphragm opening d irectly  and a
transformation of the photomultiplier recording is needed. P o r this
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transform ation, a graphical scheme is proposed as discussed in the 
Appendix -  V I . 2 . 3 .
F igure 51 summ arises the diaphragm opening history for various types 
of diaphragms . It can c learly  be seen that the diaphragm geom etry  
has a large effect on the diaphragm opening history which is v e ry  imp­
ortant in the shock formation process as w ill be discussed in the next 
ch apter.
A s illustrated in F igure  52, the present theory predicts v e r y  closely 
the opening times of. the H , U , and X  type diaphragm s. Ho we ve r ,  
it does not predict those of the assym m etrical H type diaphragms and 
possible reasons w e r e  discussed in Chapter I I I . 3 . 3 . 1 . 4 .  T h e  percentage 
e r ro r  between the present theory and the practical results is + 5%. 
T h e re fo re , the diaphragm opening time may be determined theorectically  
by equation I I I . 6 , i . e .
t —  =  1_______ arc cos (-2 ®—“——)
 ( C 0O-  i>
V H , U , X ,  H ,  H
III. 3 . 3 . 2  Shock Form ation Process
T h e shock formation process is a v e ry  complex phenomenon which  
involves the coalescing of compression waves immediately after the 
rupture of the diaphragm and determines the shock formation distance. 
Photographs obtained in the present w o rk  indicate that the coalescing  
process is dependent on the diaphragm opening tim e, the diaphragm  
geom etry and the different rates of diaphragm opening. An estimate 
is made of the influence of the diaphragm opening time and rate  on the 
shock formation process by means of a simple firs t-o rd e r  approximate  
theory.
III. 3 . 3 .  2. .  Shock Form ation-distance Analysis
nototion:
t : diaphragm opening time
: velocity of undisturbed gas in the channel
D : hydraulic diam eter of shock tube
P  : shock pressure
P ^ :  diaphragm p ressure  ratio
P  : final shock pressure  s
M : shock Mach N o . s
T  : T im e  since initiation of diaphragm rupture  
X  .'distance from diaphragm plane 
0 : diaphragm opening angle
subscript s : final shock
subscript l , 2 . . r . . . n  : step N o .
superscript T .  ,T 0. .T : time since initiation of diaphragm rupture1 Z sit
superscript T  : final shock timesit
A  graphical scheme to assess the shock formation -  distance has been 
evolved based on the following assumptions:
1 . a succession of small compression fronts or w eak  shocks 
em erges from the rupturing diaphragm . T h e  time interval 
between successive compression fronts is a function of the 
diaphragm opening h istory.
2 . The amplitude of these w eak shocks is a function of the
diaphragm opening angle, 0 , varying from zero  when 0 = 0
to its maximum value of P  when 0 = 90° .s
T h e  overall p rim ary  shock pressure amplitude is calculated on the basis 
of ideal ;shock-tube theory and the shock itself is sub-divided into a series  
of individual w e a ke r pulses of equal amplitude P  /n  w h ere  n is the number 
of w ea ke r pulses emitted. T h e  times at which these .pulses a re  emitted 
a re  obtained by sub-dividing the experimental curve of diaphragm  opening
angle, 0 , versus time into n equal parts as shown in F igure  53. T h e
Mach num bers, M . . M ~ . . . ,M  , of the series of pulses a re  then found1 2  n
by using the ideal shock-tube theory now that the values of the amplitudes 
of the w eaker pulses a re  known.
Knowing the initial values of the various flow param eters, the shock 
form ation-distance analysis is then begun by a tim e-step procedure as 
fo llow s:
1 . T^  is chosen.
2 . X T * is computed using: X  — M _ ( T - t n ) . K
in/D
n n n
w h ere  K=U
T f  T i  T x T
sim ilarly  X n„^, X n__2 • • • * X  2 > X f  a re  computed.
3 . T h e  shock profile is then compiled as shown in F ig u re  53.
4 . T h e  cycle of 1 ,2  and 3 a re  repeated with time steps of 
T l t T2 .
5 . When the computed value of X r  is sm aller than that of X ^ ^ ,  
coalescence is said to have taken place (see F ig u re  53) and 
the speed of propagation of the rth pulse follows that of the 
( r  + 1 ) th pu lse.
6 . T h e  procedure is terminated when T  = "^gffc5 * *e * when the 
final plane shock front is form ed. T h e  shock form ation-
T sft .distance is then found from X  s as shown in F ig u re  53.
Although the method is a crude one, it nevertheless enables the shock 
form ation-distance to be easily obtained. O ther information m ay also be 
extracted from this graphical analysis such as the shock tra je c to ry  and 
the X - T  diagram s as follows:
' i . shock tra jecto ry
T h e shock tra jectory  may be extracted from  the shock formation  
process as shown in F igure 54, which is a typical exam ple.
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A  period of acceleration of the shock front propagation can 
c learly  be observed to have started at about four hydraulic  
diameters from the diaphragm . T h e  shock tra jecto ry  depends 
on the diaphragm opening time and the m anner in which it opens,
i . e .  w hether it opens uniformly or w hether it opens m ore rapid ly  
at some stages than at o th ers .
T h e  general form of the theorectical shock tra jecto ry  agrees closely  
with that of the experimental w o rk  of S IM P S O N  et al / S T S 1 4 /  
( 1966) .
i i . X - T  diagram
S im ila rly , the X - T  diagram  of the shock front propagation may 
be extracted from the shock formation process as shown in 
F igure  55.
Again the shock front undergoes a period of acceleration before  
finally attaining its maximum speed when all the compression fronts
coalesce into a plane shock fron t. T h eo erec tica lly , this fully
formed shock front then moves at uniform velocity down the channel.
T h e  shape of the X - T  diagram depends mainly on the diaphragm
opening time and the m anner at which the diaphragm opens as
w ill be shown in the following ch ap ters .
I I I . 3 . 3 . 2 . 1  Idealised Shock Form ation P rocess
In o rder to study the effect of diaphragm opening history on the shock 
formation process, the shock tra jectory  and the X - T  d iagram , param eters  
like the diaphragm opening time and the diaphragm pressure ratio  must
be held constant for any cornparision to be m ade.
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FIGURE 55 SHOCK FORMATION PROCESS & X-T DIAGRAM
Figure 56 shows four types of diaphragm opening history with the same 
diaphragm opening time and diaphragm pressure ratio in all the four 
cases: Shock formation process was . plotted for each individual case
as shown and their corresponding shock trajectories and X - T  diagram s  
obtained.
In the four cases considered, it can be c learly  seen that the p ressure  
profilesof the shock front in the initial stages are  all d ifferent. T h e  
shock formation time and distance for the cases of a , b and c of F igure  
56 are  within 10% of each other but that of case d shows a difference  
of 50%. Th is  indicates that the diaphragm opening tim e, though vital 
in the shock formation p ro c es s , is not the only factor but the diaphragm  
opening history is also a v e ry  critical factor.
Coalescence can be observed to occur at less than four hydraulic diam eters  
in case d . In case c , the coalescence occurs at about six hydraulic  
. d iam eters . Cases a and b do not show any coalescence until a distance 
of m ore than six hydraulic d iam eters. Th is indicates that high angular 
acceleration of the rupturing diaphragm is advantageous in the shock 
formation process whileany angular deceleration is detrimental to the 
formation p ro cess .
Th e  four respective shock trajectories for the four cases considered a re  
also shown in F igure 56. Cases b and c show that when the initial 
diaphragm acceleration is l o w , the process of coalesecence of the 
individual shock pulses is protracted in time in comparison with that of 
a faster opening diaphragm . Although the coalescences occur later in 
tim e, the process when it occurs, does so quite abruptly as show n.
In case d , w here  the initial acceleration of the diaphragm is quickest, 
the shock tra jecto ry  is less steep. T h e  shock trajectories derived by 
the present analysis show the sim ilar trend as those reported by previous  
authors like , for example, S IM P S O N  et al / S T S 1 4 /  (1966)  and 
S A T O F U K A  / S T S 2 2 /  ( 1 97 0 ) .
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S im ila rly , the X - T  diagram shows the shock formation processes  
and the four cases are  as shown in F igure  56. It can be seen that 
although the diaphragm opening time is the same in the four cases 
considered, the diaphragm opening history has a 'm a rk e d  effect on the 
shock formation process and hence its shock tra jecto ry  and X - T  d iagram .
Th e  accuracy of the present method depends on the num ber-of-steps  
taken in the analysis. Th is  phenomenon is studi ed in detail in F igure  
57 w h ere  the num ber-of-steps used w e re  5, 10 and 20 .
From  the results of F igures 56 and 57, it is c lear that the case with 
the linear diaphragm opening history gives close result to those of 
cases b and c which a re  the most likely cases of diaphragm opening 
history in practise.
Assumming that the diaphragm opening history is lin ear, the shock 
formation distance ( and hence the shock formation time) is therefore  
a function of the diaphragm opening time- and the diaphragm p res su re  
ra tio . The relationship between the shock formation distance, the 
shock pressure  ratio and the diaphragm opening time is sum m arised by 
two families of cu rves , which w e re  derived from the present analysis, 
as shown in F igures 58 and 59.
G enera lly , an. increase in diaphragm opening time gives r is e  to a 
longer shock formation distance. L ikew ise  a higher diaphragm  
pressure  ratio-, also gives ris e  to a longer shock formation distance 
although the diaphragm opening time is m ore predominant than the 
diaphragm pressure ra tio .
T h e re fo re , for any given diaphragm pressure  ra tio , or shock p ressu re  
ratio and diaphragm opening tim e, the shock formation distance and its 
shock formation time can be estim ated.
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III. 3 , 3 . 2 .  2 Shock  Formation P r o c e s s  with X - ty p e . Diaphragm
Experim ental w o rk  w as ca rried  out with various types of diaphragms 
to test the present coalescence theory and to see whether it is able to 
reproduce any of the feature shown by the graphical analysis discussed 
above. Also it w as done to see w hether it is able to distinguish 
between fast and slow-opening diaphragms in the matter of the resulting  
flow . Four different types of diaphragm w e re  used in the test. T h e  
result of the case with the X -ty p e  diaphragm is presented in this chapter 
while those of the other cases are  presented in the following ch ap ters .
Plates 14, 15 and 16 show the shock formation process at 1 to 5 
hydraulic diameters from  the diaphragm plane when X -ty p e  diaphragms  
w e re  used. D ue to the limitations of the upper pressure  on the 
schlieren windows and of the sensitivity of the schlieren sy s te m , the 
range of pressure ratio ca rrie d  out. w as 5 .7  to 1 0 .5  with diaphragm  
opening times of 425 to 575 m icroseconds. Single spark schlieren  
photography w as adopted.
From  the plates it is c lear that the contact region is highly turbulent 
and has a v e ry  irre g u la r fron t. No jet pattern, how ever, can be 
detected due to the fact that a three-dim ensional flow field w as photographed 
by a two-dimensional schlieren system .
Coalescing of compression w aves can be c le arly  seen to have taken place. 
F o r  the case with the shorter diaphragm opening tim e, coalescing seems 
to have taken place n e are r to the diaphragm plane, at 3 to 4 hydraulic  
diam eters, than, those with longer diaphragm opening tim e. T h is  
agrees closely with the graphical analysis as presented in F ig u res  6 0 ,
61 and 62 . T h e  diaphragm opening history, th ere fo re , plays a v e ry  
important ro le in the coalescing process and hence its effect, on the shock 
formation time and distance. It also determines the shock tra je c to ry  and 
the X - T  d iagram . This effect is not c learly  seen here because of the
lack of common param eters of the three cases considered. H o w e v e r,
Plate 14. Schlieren Photographs of Shock Form ation P ro cess
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Plate 15. Schlieren Photographs of Shock Form ation P ro cess
Ti =200jjs Ti2 = 4 5 0 us
T2 =250us
“ ------ '
%
_
T3 =275 us
J l3 =460us
T,4 =4 80us
T4 =300us
l l
T5 =325us
T6 =350us
T7 =375us
T8 =385us
T, = 400us
Tlo = 420us
.  A-, f  '
5.- - - ■»•
T17 = 550us
• A  A W in .‘ i  L T T  
■ i _•» »• s...*5* « •is**i.•».
i iMJ
1 \w v, :>>* :• . Jr• *-.*
7s =525us
T:s = 5 0 0 us
T» =600us
T,s =575us
T2i = 650us
T„ =440us T22 =750us
“160
|3G>
*4 -3 '2 d O
ne;ms
PHRAGM OPENING
P © P 
’ 2!
HiSTORY
r / air
r  9-5
I
umsnium Diaphragm 
ickness:
•pe:
oovlng:
0  021 inch
X
V
ph ra g m Ope n in g T ime 
-  425^JS
2 0
1*5
O5
O 4 6 8 IO 12-------
D istance, x (hyd. d ia .)  
SHOCK FORMATION- PROCESS
o
jCuo
2
Experimental Points   _J
Theorectical C urvep ;C'&i i
IO 126 8O 4
SHOCK TRAJECTORY
D istance, x
Theory based on /  
“DiaphragmOpening History '©'
0-6
©-Experimental Points
0 -4
Ideal T h e o ry
0-2
IO
D istance, x
86
X-T DIAGRAM
12O 42
FIGURE 61 SHOCK PROPAGATION
Plate 16. Schlieren Photographs of Shock Form ation P ro cess
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this effect w ill become m ore apparent when cases with common param eters  
are  considered as w ill be shown in later ch ap ters .
I I I . 3 .3 ..2 .3  Shock Form ation P ro cess  with H -type  Diaphragm
T w o  sets of experim ent on the shock formation process w e re  ca rrie d  
out using the H -type  diaphragm s. T h e  schlieren pictures a re  as shown 
in Plates 17 and 18 . T h e  diaphragm pressure  ratio w as 9 .5  and the 
diaphragm opening time w as 625 m icroseconds. Single shot spark  
photography was adopted.
A  jet pattern can be c learly  seen to be emerging from the cham ber of the 
shock tube as shown in P lates 17 and 18 . T h e  compression w aves  
can also be c le arly  seen to be propagating ahead of the highly turbulent 
contact region whose front is highly ir re g u la r .
Coalescing of the compression w aves can be seen to have taken place at 
about four hydraulic diam eters from the diaphragm plane. Th is  agrees  
closely with the graphical analysis whose predicted result is also of the 
same magnitude as shown in F igure  63 . T h e  experimental results  
also agree closely with the derived X - T  diagram  as shown.
I I I . 3 . 3 .2 .4  Shock Form ation P ro cess  with U -typ e  D iaphragm
One set of experimentson the shock formation process was c a rr ie d  out with  
the LI-type diaphragm s. P late 19 shows the photographic results obtained 
at 1 to 5 hydraulic diameters from  the diaphragm plane. T h e  diaphragm  
pressure ratio w as 9 .5  and the total diaphragm opening time w as 850 
microseconds which was determined by the photomultiplier technique and 
from the schlieren photographic method (c f. Chapter I1 I .3 .3 .1 .3 )  .
Single shot spark schlieren photography w as adopted.
Plate 17. Schlieren Photographs of Shock Form ation P ro cess
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Plate 19. Schlieren Photographs of Shock Form ation P ro cess
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A  jet pattern, sim ilar to the one in P late 12, can be seen. A  
series of compression w aves can also be seen to be propagating ahead 
of the irre g u la r contact s u rfa c e .
Unlike the previous cases, coalescing of the compression w aves cannot 
be seen between 1 and 5 hydraulic d iam eters. Th is  agrees with the 
graphical analysis which does not predict any coalescence between 1 
and 5 hydraulic diameters but, how ever, predicts a coalescence at 
about 13 hydraulic diameters as shown in F igure  64 .
I I I . 3 . 3 . 2 .  5 Shock Form ation P ro ces s  with Assym m etrical H -typ e  
Diaphragm
Plate 20 shows the photographic results of the shock formation process  
when assym m etrical H -type diaphragm s, sim ilar to the one used in 
chapter I I I . 3 . 3 . 1 . 4 ,  w e re  used. T h e  schlieren windows being situated 
at 1 to 5 hydraulic diameters from  the diaphragm plane. T h e  diaphragm  
pressure  ratio w as 9 . 5 .  T h e  diaphragm opening history is that shown 
in F ig u re  49 . A s the shock formation process w ill be determ ined m ainly  
by the m ajor flap of the diaphragm ra th e r .than by the m inor flap , of the 
diaphragm , the fo rm e r 's  opening history has been used in the graphical 
analysis as shown in F ig u re 6 5 . Single spark schlieren photography 
was adopted.
Inspite of the long diaphragm opening tim e, coalescing of the com pression  
w aves can c learly  be seen in P late 20 at about 4 hydraulic diam eters  
from the diaphragm plane. Th is  experim ental resu lt agrees closely  
with the graphical analysis as shown in F igure  6 5 . T h e  theorectical 
prediction shows that coalescence takes place at about 4 j  hydraulic
d iam eters. T h e  experimental result of this test also agrees closely
  *
with the derived X - T  diagram  of F ig u re  65 .
Plate 20. Schlieren Photographs of Shock Form ation P ro cess
_1
T, = 2 0 0 jjs
T, =2 5 0 us
T3 = 275jjs
T4 =300jjs 
— ---------------
ri'vf
/7‘
T, = 325jjs
-
. />
T6 = 350jjs
T7 =375j js
3
T,o = 4 5 0 jjs
T|3 = 500 jjs
T4 =525 j js
T„ =475jjs
------- — ^
**/4
. x  •
Tis =550jjs
. 1
9fc
Tl6 = 575jjs
i ' f. ‘ *  ^fw3 ‘■ *. ^ * (j*y
A V ' ; .  <
Ti7 = 6 0 0 us
--------------- TW '’” --------— -------
v ' jF * • /  t *1 ** i t$ P  ■;’■ ■ te  'r~
T , =425us T i8 = 6 5 0 jjs
* s s jo t i l .3 £ 3 S H i£ r 5 5 E
6 -4 -2 
ns
30
O
RAGM OPENING 
HISTORY
lR.
•5
t
urr. Diaphragm
3 IO 12 14 16__ ^ 18 22
D istance, x (hyd.dia.  
FORMATION PROCESSSHOCK
Theorectical C urve
j iK a s a s la fc s s a J s s E s s s ^  
18 2 0O 8 IO 166 12 142 4
SHOCK TRAJECTORY
D is tan ce , x
e$s: 0 -0 3 7  inch
cigm Opening Time .§ 
8 5 0 ; j s 0-6
Experimental Points
0-4
Theory based on
— . D’ophragm Opening History
— Instantaneous paphragm Opening0-2
j^ s s s e ib I cx
2 18 2 08 IOO 1664 12 14
X-T DIAGRAM D  istance, x
FIGURE 65 SHOOK PROPAGATION
III. 3 . 3 .  2 . 6  Satofuka1 s R esu lts
'The results obtained from the present graphical analysis of the shock 
formation process is compared with that of Satofuka *s w o rk  (Ref .  S T S 2 2 )  .
In the analysis of the shock formation distance, the present graphical 
method predicts a result which is v e ry  close to that predicted by 
Satofuka fs num erical technique. A s analysed in Chapter III .  3 . 3 . 2 . 1 ,  
the shock formation distance can be read off from either F ig u re  58 or 
Figure 59 when given the diaphragm opening time and the diaphragm  
pressure ratio o r shock pressure  ra tio . T h e  results predicted by the 
present theory and that of Satofuka fs theory a re  summarised in 
F igure  66 .
In the shock tra jecto ry  analysis, the present theory predicts a v e ry  close  
result to that of Sato fuka’ s . Th is  is as shown in F igure  6 7 . L in e a r  
diaphragm opening history has been assumed in all the cases considered.
F igure  68 shows the result for the X - T  d iagram . T h e  present theory  
predicts a result that is v e ry  close to that predicted by Satofuka !s theory . 
T h e  ideal theory, based on the instantaneous diaphragm opening 
assumption, is also included fo r com parision. T h e  present theory  
predicts a result that has a smooth curve w hile that of Satofuka fs is 
Mstepped,! which is characteristic of computerised solutions.
Inspite of the present theory being a v e ry  crude one, it nevertheless  
predicts results that a re  close to that of the m ore sophisticated computerised  
results of Satofuka.
I I I . 3 . 3 . 2 . 7  Sum m ary .
It has been established in the present w o rk  that the shock formation d is ­
tance and time is shortest for short diaphragm opening time and low
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diaphragm pressure  ratio . T h e  shock formation distance and time 
is not only dependent on the diaphragm pressure  ratio and the 
diaphragm opening time but also on the diaphragm opening h istory,
i .e .  the manner at which the diaphragm opens, 'whether it opens at 
a uniform rate or whether it opens faster at some stages than others. 
The diaphragm opening h istory, in tu rn , is dependent on the types of 
diaphragm used which indicates that the diaphragm geom etry is of 
im portance. X -ty p e  and H~*type diaphragms a re  preffered to other 
types of diaphragm (c . f .  I I I .3 .3  .2 .1  to III .3 .3 . 2 .4 ) .
The process of coalescence is most rapid with high angular acceleration  
of the rupturing diaphragm . . Low  angular acceleration and high angular
deceleration of the diaphragm during the period of rupturing must be 
avoided while the re v e rs e  is to be encouraged for short formation  
distance and tim e. F o r  any diaphragm opening tim e, the ratio  of the 
period of peak angular velocity to the period of low angular velocity  
must be as high as possible fo r short formation distance and tim e.
Although the present graphical analysis of the shock formation process  
is ra th er crude, it nevertheless reveals c learly  the process of 
coalescence. The accuracy of the analysis depends on the fineness 
of the pressure step used. T h e  p ressure  profile of the shock front 
is also obtained by this analysis and the shock formation distance and 
shock formation time easily estim ated.
I I I . 3 .4  C O N C L U S IO N S
T h e  diaphargm o p en in g  process was found to be v e ry  complicated.
In all the photographs taken, unsteady jets can c learly  be seen to
em erge from  the earliest c rack  in the rupturing diaphragm .
Inspite of.ithe complexity of the rupturing process, it was found that
w ave interactions took place rapidly once the diaphragm started to 
rupture and regions of w ell-defined shock and turbulent contact regions 
em erged. Its rapidity depends on the diaphragm opening history  
( i . e .  the total diaphragm opening time and the manner in which the 
diaphragm opens) c Given the same initial conditions of the gases 
in the shock tube, the diaphragm opening history does not only depend 
on the diaphragm m ateria l, but also on its geom etry.
Once the initial conditions of the gases in the shock tube and the 
diaphragm m aterial and geom etry are  know n,the diaphragm opening 
then may be obtained by the F re e ly  Hinged Diaphragm  T h e o ry  and 
from which with the assumption of a linear diaphragm opening h istory, 
the shock form ation, distance and time m ay be determined by the 
Graphical A nalysis.
III.4 SH O C K  WAVE P R O P A G A T IO N  IN D I S C O N T IN U O U S  D U C T S
I I I . 4 .1  IN T R O D U C T IO N
A  considerable amount of knowledge has been amassed over a period  
of almost a century on the subject of the propagation of gasdynamic 
discontinuities in straight pipelines. In recent papers, studies on the 
propagation of shock w aves in tubes with side-branches and other 
geometrical variations have been reported (R e f. S T I3 , S T G 2 2 , S T D 2 3 ,  
S T D 2 4 , S T D 2 5  and S T D 2 6 ) . T h e  particular problem of the 
propagation of a shock w ave in a realistic industrial pipeline system , 
equipped with valves, bends and various junctions, is of special interest 
in the context of explosions, fo r exam ple, in a coal-fired  pow er station 
and the present w o rk  forms part of a fundamental study of the above 
problem . S im ilar w o rk  (R e f. S T D 2 2 ) has been carried  out at the 
C . E . G . B .  Leatherhead (R e f. S T S 2 8 )  , the universities at New castle  
and A berystw yth and the National Physical L a b o ra to ry . T h e  present 
w o rk  is concentrated m ore on the photographic aspect of the flow 
phenomena at the discontinuity.
The w ell-know n practical techniques of the method of characteristics  
(R e f. S T P 2 ,  S TW 10 and S T W 12) for the analysis of unsteady gas 
flows in one dimension are  of course not immediately applicable in the 
present context by virtue of the three-dim ensional nature of the flow in 
the important region of the geometrical discontinuity. O ver the past 
decade, an important new class of numerical techniques has been 
developed by which a computer simulation of unsteady multi-dimensional 
flow may be set up (R e f. S T G 1 8  and S T R 1 2 ) . B asically , the 
methods of chief interest in 'the present context represent a repetitive  
solution of the E u le r equation for a series of small fluid-elements 
covering the field of flow as a mesh.
The above numerical approach has been used to study the propagation 
of a shock w ave in a shock tube fitted with a 90-degree s ide-branch
with a cross section identical with that of the main tube, the latter being 
a square of 2 inch side.
In o rder to gain m ore understanding of the flow phenomena occuring  
in a rea l 3 -dimensional pipe junction following the a rr iv a l of a shock 
w ave , a 2-dimensional approach has been used as an approximation  
in order to simplify the theorectical and experimental w o rk .
The experimental w o rk  involved spark-sch lieren  photography and w all 
pressure measurements over a range of initial conditions and shock 
strengths.
I I I . 4 .2  . T H E O R E C T IC A L  C O N S ID E R A T IO N S
T h e  development of high speed computers has made it possible to solve 
a w ide varie ty  of complex, time-dependent flow problems by using 
numerical techniques to solve the equations of motion for com pressible  
fluid dynamics (R e f. S T B 3 1 , S T G 1 8  and S T H 4 7 ) . V ariou s  methods 
for treating problems involving one space dimension have been developed, 
some with spectacular success (R e f. S T B 3 2 , S T E 1 0  and S T L 1 5 )  .
F o r problems involving two or m ore space dimensions, the applicability 
of the classic method has been relative ly limited. Th is  limitation has 
been overcom e by various numerical techniques (R e f. S T B 3 3 , S T G 1 9  
and S T W 1 3 ) .
In general, numerical methods for solving fluid dynamics problems 
subdivide the m aterial region into a finite mesh of small zones or c e lls . 
T h e  partial differential equations of motion a re  then transform ed to a 
suitable finite-difference form  as an approximation procedure . T h e re  
are  two traditional approaches that have been followed in w riting  these 
equations. Th e  firs t of these is the Lagrangian and the second is 
the E u le rian . Each has its advantages and its limitations, as described  
below .
In the Lagrangian method, the mesh of cells is embedded in the fluid, 
and moves with it. Associated with each co rn er in the mesh is a 
fixed mass and a time-dependent velocity. T h e  time-dependent values 
of energy, pressure and density a re  defined at cell centres . T h e  
4 Lagrangian approach is useful for problems involving several fluids 
because m aterial interfaces are  always c learly  delineable, since each 
finite mesh point is always associated with the same initial portion of 
the fluid (R e f. S T F 9  and S T B 3 4 ) . T h e  m ajor shortcoming of the 
Lagrangian approach is its inability to handle large slippages or 
distortions of the fluid. T h e  m ore severe ly  the mesh is distorted  
from its original form for which the equations w e re  intended, the m ore  
doubtful it is that the numerical results represent the true solution of 
the problem (R e f. S T F 9 )  .
In the Eulerian  method, the mesh of cells rem ains fixed relative to the
o b serve r, while the fluid moves through the mesh with tim e. In a
strict application of the method, each cell is forced to be homogeneous
in that it is characterised by uniform density, p ressu re , velocity and
type of m ateria l. Th e  method has the tremendous advantage of being
able to handle extrem e fluid distortions, but the m aterial interfaces may
become hard to identify. Th is  arises from  a false m aterial diffusion,
for when a m aterial enters a ce ll, its properties a re  uniform ly mixed
with those of all the other m aterials in the ce ll. The method also
suffers from the inability to resolve fine details such as shocks and
vortices which move with the fluid, unless the entire mesh of cells be
made so fine that numerical calculations become im practicable (R e f.
S T H 3 7  and S T G 1 7 ) . H e re  the Lagrangian technique has an advantage,
for small zones may be constructed across a fine structu re , with
✓
co arser zoning employed in regim es of large structures.
Various procedures have been invented which modify or combine 
features from these methods in an attempt to eliminate some of the 
disadvantages of each. The technique adopted h e re , known as the
F lu id -in -C e ll ( F L IC )  method, is an outgrowth of the w o rk  of R IC H
/ S T R 1 2 /  (1963) . T h e  firs t F L IC  proposal w as made by G E N T R Y ,  
M A R T IN  and D A L Y  /S T G 1 7 /  ( 1 966 ) .  T h e  difference equations 
are  s im ilar to those used in the P a rtic le -in -C e ll (P IC )  method which w as  
first proposed by H A R L O W  /S T H 3 6 /  ( 1 955 ) .  H o w e ver, it employs 
a different transport calculation which does not req u ire  the use of particles  
This reduces the m em ory storage requirem ents for s given problem  
and reduces the computing tim e, since it is not necessary to compute 
the motion of the particles., F u rth e rm o re , the elimination of particles  
allows solutions which a re  fre e  of the fluctuations which a re  characteristic  
of P IC  (Ref .  S T H 3 8 ) . A  version of the F L IC  method is described  
here which is suitable for problems involving one gas only, and in 
which the solution is a function of two space variables and tim e. A  
general discussion of the important characteristics of the difference  
equations is presented and the results of the application to the study of 
shock w ave propagation in discontinuous ducts a re  discussed.
Notation:
T h e  F L IC Method
a speed of sound
E energy per unit mass
I specific internal energy
M Mach N o .
P p ressure
q artificial viscosity p ressure  term
t time
u velocity in x-d irection
V velocity in y-d irection
X co-ordinate parallel to shock tube
y co-ordinate perpendicular to shock 
sym m etry
Y specific heat ratio
AM mass flowing across cell boundary 
time increment 6t
6t time increment
6x cell dimension in x-d irection
6y cell dimension in y-d irection
density of fluid
a , E , I , u , v  in term ediate  value* of a , E , I , u  and v respectively  
subscript i cell notation in x-d irection
j cell notation in y-d irection
s indicating shock condition, e .g .  M^= shock Mach No  
superscript n time cycle number
In o rd e r to obtain a system of difference equations to describe the motion 
of the fluid, the region of fluid under consideration is assumed to be 
covered by a fixed (E u le rian ) grid of square (o r rectangular) cells 
of sides 6x and 6y. A  typical computing mesh is shown in F ig u re  6 9 .
Each cell is labelled by the pair of integers ( i , j )  which denote the location
of the cell centre with respect to some orig in . H alf-in teger indices a re  
used to denote cell boundaries. F o r  exam ple, the indices (i + y , j) 
re fe r  to the right-hand boundary of cell ( i , j )  and ( i } j - y )  re fe r  to the 
low er boundary of this ce ll.
T h e  basic variab les used to characterise the state of the fluid a re :
1 . density
2 . x  and y components of fluid velocity
3 . specific internal energy
O ther thermodynamic quantities such as the pressure  and the speed of soun 
a re  determ ined, through the equation of state:
p = p(Y -  1) I I V . 1
T h e  use of any other fo rm , how ever, could be accomplished with 
equal ease.
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A TYPICAL COMPUTING MESH
A  calculation is begun by assigning values for the density, the x and y  
components of velocity and the specific energy of the fluid at the centre  
of each cell at the initial tim e, t — 0 . F rom  these initial conditions 
the properties of the fluid over the mesh a re  obtained at a slightly later  
time t — 51 by means of the hydrodynamic equations of motion. In 
general, one proceeds cyclically to calculate the state of the fluid at time 
t = n .5t  from the state of the fluid at time t=  ( n - l ) 5 t  w h ere  n is an 
integer which w ill henceforth be used without the 6t to denote the tim e.
T h e  calculational scheme used here consists of three steps fo r each cycle .
1 . Intermediate values a re  calculated for the velocities and specific 
internal energy, taking into account the effects of acceleration  
caused by the p ressure  gradients. T h e  fluid element in 
each cell is assumed fixed and no flow across the cell 
boundaries is allow ed.
2 . Mass flows across the cell boundaries a re  calculated. Mass  
crossing a boundary is assumed to c a r ry  with it the intermediat 
velocities and specific energy of the cell from  which it cam e.
3 . N ew  cell densities a re  computed; and by the application of 
the Conservation of E nergy  and Momentum, the new velocities  
and specific energies a re  subsequently calculated.
T h e  governing partial differential equations for com pressible fluid flow  
a re  as fo llow s:
HI. 4 . 2 .  2 Difference Equations
T h e  three phases of the calculation procedure of the FLJC  method is 
discussed in detail as follows:
III.  4 . 2 . 2 . 1  Phase I
It is assumed that the following quantities a re  known at the centre of 
each cell ( i , j )  at tim e, n , i . e .  t = n  t, and that for purposes of 
differencing, they rem ain constant throughout the ce ll.
(n)
density: ^ . .
x-component velocity: u
i,J
y-component velocity:
specific internal energy: I .^n ?
B y  applying the equation of state, Equation IV .  1 , the p ressure  at the 
centre of each cell is obtained.
p*.11? = p(.n) ( Y -1 )  I (.n!  IV .  5
* ,3 >>J I >J
Equation I V . 2,  that of M ass Conservation, may be eliminated from
further consideration, as it is used only implicitely in the calculation 
of mass transport.
In the calculations, it is often useful to add an ''artific ial viscosity1* p res su re , 
q, to the equation-of-state p re s su re . T h is  is to enhance the stability 
properties of the difference equations in regions w h ere  the fluid velovity
is small compared to the local speed of sound (R e f. S T N 3 , S T L -12  
and S T L .1 3 ) . T h e  viscosity term  is of the fo rm :
n n n , n n %
q |+ i  : =  B a ; + i  ; J+X i <u [ : "  u :+1  :>
2 j J 2 j J ^  2 3 J 1 > J r r  I  , J
9 9 n  9 n
if K (u  +v ) .+ i  • < (a  ). L .
* 2 > J * 2 > J
■ , n nand it u. . > u .. . .
i , J  i+ l  ,J
otherw ise qfVx . = 0   . I V .  6
1+2 5J
S im ila rly ,
n n ' n / n n x
Q: n . i  =  B a : n . i  : : + l  <v : : “  v : ^  Jl j J + 2  I jJ+ 2 * >J 2 I j J + l
9  9  n  9  n
if K (u  +v ). ,^1 < (a  ). . 1
l , J + 2  l }J+ 2
. .» n nand ir v. . > v. .
i , J  i j J + l  •
otherw ise q. i = 0 ................... I V . 7
» jJ+2
T h e  quantity K determines the maximum value of the Mach N o . at a 
cell interface fo r which the artificial viscosity term  w ill be applied.
It should be large enough to insure stability but small enough to avoid 
obscuring important details of the solution. G en era lly , B  need not 
exceed a value of 0 .5  (R e f. S T G 1 8 ) .
Using equations I V . 3 and I V . 4,  we  have:
+ p u ^ !  + p v ^ y  + di £ t 5 i  =  O  ................... - - I V . 8
d t d x dy d x
dv dv dv dtp + q )  _  n  I W A
p —  4- p u  —  + pv —  +   — u  ---------- IV .  9
d t dx dy dy
dl dl dl _ d <p + q )u  d ( p + q 3v _
p —  + p u  —  + p v  *     + ;  — ------iv.  iu
d t dx dy dx dy
From  finite difference approximations to these equations, w e calculate 
the tentative new values of velocity' and specific internal energy for all 
the ce lls . Th ese values a re  tentative (and a re  labelled with an 
overhead tilde) owing to neglect of m aterial transport, which w ill la ter  
be rectified in Phase I I .  Dropping the transport term s results in
du d(p+q) _  ~
p —  +  --------------------------------  —  O
d t dx
IV.11
p dv d ( p * q )  o
dt  dy
IV.12
_ d I d (P +q)u  d ( p + q ) v
P— + —;------ + — :
d t  dx dy
IV-13
Appropriate f in i te-d i f ference appro x im at ions  for Equations IV.11, 12 & 13 are:
. n  n § t
U - U.  . -  - r r—
IJ IJ p 6x
»j
<p+q3i+v2 .j "  C p + q V 1/2 ,j
IV. 14
_ n _  n 6t  
v. .  — v..  -
' j  ' j  pn6y 
ij
cp+q \ j+V2 '  fp +c' :>i,j-V2
IV. 15
T h e  cell boundary pressures and velocities a re  calculated as follows:
P. n , = i ( p n . + P - T - , )  . . . . . . . . . I V . 17
i . ^ 2  1>J ' . J +1
t r .n -  4<u.n . + u . " . )  . . . . . . . . . .  I V .  18
I , J I , J L J  ’>
etc c.co
It is now possible, on the basis of equations IV .  14 to IV .  16 to establish 
the intermediate values of the velocity components and the specific internal 
energy u, v and I respectively.
III. 4 . 2 . 2 . 2  Phase II
It is assumed that the mass which flows from  cell to cell is d irectly  
proportional to the density of the donor cell (the cell from which the 
fluid is flowing) (R e f. S T G 1 8 ) . Th is  has two advantages:
1 . It precludes the possibility that a cell can completely 
empty itself and develop a negative density.
2 . Th is  method, known as donor cell mass flow differencing, 
results in good stability proporties fo r the subsonic regions  
of the m esh.
A  new value for the density in cell ( i , j )  can be obtained by applying 
the L a w  of Conservation of M a s s :
,n + 1  =  pn . +  — i  ( A M  . ! - A M " . , !  + A M  , .-AM. +  1 •)
i ,  j  i , J 6 x 6 y  i , j - |  i , J + -2  • “S' i J i + S , J
...........................I V . 19
P;
w here . . .n  n -nAM. , 1  . = P. , i  . u . , i . 6 x 5 t
l + t , . l  1 + 2 , J  1 + 2  >J
I V . 20
A n 1 1  1 1  "  1 1  C  C lA M .  . , ! =  P. . , i v .  ; i 6 y 6 t
t , J + 2 »,J +  2 L J + 2
etc
are  the mass flows across the cell boundaries indicated by the subscripts.
In proceeding to the next stage in the calculation, it w as found (R e f .S T R 1 2  
that it is no longer adequate to use simple averages for the densities 
and velocities at the cell boundaries as w as done in Phase I .  Doing 
so tends to lead to minor but noticeable instabilities in the solution of 
the difference equations. Instead, the va.lue fo r the densities and the 
velocities used is that of the cell out of which the fluid flow s. D ifferent 
weighting may be used (R e f. S T H 3 6  and S T R 1 2 ) and the one adopted 
here is as follows:
if u" ! . >  0
1+2.J
2: * n n n
en i+i,j i > j U'+i>j 5y&t
lf Qi+i,j < °. ..........IV.21
then Am !1 , . = pf1 -ulV., . &ySt
l 2 j J 1+1 ,J 1+ 1>J
otherwise
a m ! \  x . = 0
1+2 ,J
T h e  flow across the other three sides of cell ( i , j )  a re  obtained in a 
sim ilar m anner.
I I I . 4 . 2 . 2 . 3  Phase III
Mass flowing from one cell to another is assumed to c a r ry  w ith it 
the tilde velocities and specific energies of the cell from which it cam e.
If the four sides of cell ( i , j )  a re  numbered ^
by k = 1 , 2 , 3  and 4 as shown, w e can  ^ ^
2define a function C. . (k ) fo r this cell
1>J
refering  to side k such that:
C. . (k)  = 1 if the fluid flows into cell ( i , j )  across side k
= 0 if the fluid flows out of cell ( i , j )  across side k
Then the final velocity and energy are  given by the expressions: 
n+1u.
i,J
C. , ( l ) u ” .&Mn ! . + C . , ( 2 )u ” . ,AMn . , 
1 , J . 1 - 1 ,  J 1 - 2 ,  J 1,J I , J - l  l . J - 2
+ C. , ( 3 )u "  a. AMn , , + C .  . ( 4 )u ” a . ,AM n l 
1,J ' . r l  1 , J+2" 1,J l . j U  I . P - J
+u" . j p ”  .S x 6 y -(1 -C . . (1) j Am P , . - ( 1 - C .  , ( 2 ) } A M n . , 
l , j (  1,J 1 1>J ) 1 -^ > J  t 1,J ) l , J - 2
( p ^ . W )
. I V . 22
v.n+1r
i J
C. . ( D v ! 1 , .AM.11! .+ C. . ( 2 ) v n . AMn . ! 
i , j  l - l , j  i -2,J i,J 15 J- l  i ,J-2
+ C. . ( 3 ) v ” .a m !1,! .+ C. . ( 4 ) v n y. ,A M n J. !
l , J  1 + 1 , J 1 + 2 .  J l , J  l , J + l  U P - 2
+ v n .(p.n A x S y -fl-C . . ( l ) ) A M n ! . - ( 1 -C .  .(2))AMn . * 
i , J  ( i , J  . J i - t  ,J C i , J  ) i , J ~ 2
I V . 23
. n*:+ 1 E. . — C. . ( 1 ) e ” .a m ”  , ,+ C. . ( 2 ) E n . . a m ” . ! 
1, J 1 - 1 ,  J I " ?  :J ' , J  1 , J - l  l , J - 2
+ C ;( 3 ) £ ” .a m ” + C  ( 4 ) e " a m "  ,
i > J i 1 »J i 2 > J ijJ *» T 1 * > 2
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The specific internal energy is then found by using the relation
(n+1) _ (n+1) 1 ( "2  2 * (n+1)I . . -  E  . . -  2 (u + v  j . . . . . . . . I V . 25
Th is  completes the transition of the fluid configuration from time n to 
time ( n + 1 ) .  T h e  cycle is then repeated.
Ill . 4 . 2 . 3  Boundary Conditions
T h e  difference equations developed in the previous chapter a re  only 
valid fo r the in terior cells which are  not adjacent to' one of the boundaries 
of the computing m esh. T h re e  types of mesh boundaries have been 
used:
1 . Input Boundaries
2 . Continuative Boundaries
3 . Reflective Boundaries
In all three cases the boundary crite rion  reduces to a determination of 
the values of the flow variables in fictitious cells outside the calculating 
m esh.
I I I . 4 . 2 . 3 . 1  Input Boundaries
In the cell adjacent to an input boundary, the values of the flow variab les  
are  chosen sa as to represent the state of fluid which is entering the 
m esh. A t any given tim e, these values a re  constant along the boundary  
but they may v a ry  with time to represent, e . g .  a decaying shock.
I I I . 4 . 2 . 3 . 2  Continuative Boundaries
A t a continuative output boundary the flow quantities in the fictitious 
boundary cells a re  defined in such a w ay  that the normal space derivative
of the variables vanishes at the boundary. If the output boundary  
coincides with cell boundaries, this m ere ly  reduces to setting the flow  
variables in each fictitious exterio r cell equal to those of the adjacent 
in terior ce il.
Ill c 4 . 2 . 3 . 3  Reflective Boundaries
T h e  difference equations fo r those cells adjacent ;to the bounding surface  
of a rigid body must be modified to ensure that there is no flow of mass 
o r energy across the boundary. Th is  requ ires that the norm al velocity  
component be zero  at the body surface . In the simple case where 
these reflective surfaces coincide with cell boundaries, the desired boundary  
condition can be obtained by the use of fictitious c e lls .
A s  an example, assume that the right-hand surface of cell ( i , j )  coincides
with a rigid body surface. A  fictitious cell ( i + l , j )  is used whose state 
at any time is completely defined by the state of cell ( i , j)  at the 
corresponding tim e. T h e  prescription fo r cell ( i + l , j )  is that the 
density and specific internal energy must at all times be the same as 
those in cell ( i , j) and that the velocity must be the n ir ro r  image of that
in cell ( i , j )  . Thus at the end of phase I:
n __ n
i + l , j  *»J
I n = I n
i + l ,  J i , j
.............. I V .  26
n nu. ... . = -u. .
i,J
n n
v.  ... . =  v .  .
i + l  >J i >J
and at the end of phase I I I :
n + 1
Pi + l , j
n + 1
PU
u
n+1
i + l , j
n +1
i + l , j
v.n + 1
i + l > j
= i:
n + 1
n+1  -u. . 
LJ
n +1v.
i >J
If the obstacle has a co rn er as shown, 
the fictitious cell ( i + l , j )  is assigned 
two sets of variables depending on 
w hether the calculations a re  being 
made for cell ( i , j )  or fo r c e ll(i + 1 , j +1)
. I V . 27
i +1, i +1
i’j +^1.1
\
I I I . 4 . 2 . 4  Stability and A cc u racy  *  ^ ,
T h e  use of finite difference equations introduces truncation e r ro rs  (R e f. 
S T A 8 ,  S T D 2 0  and S T H 4 1 ) which a re  determined by the size of 6x 
and 6t. F u rth e rm o re , the artificial viscosity term  which is added 
for computational stability (R e f S T R 1 3 ) also introduces e r ro rs  into 
the solutions. If the difference equations a re  stable, then e r ro rs  
related to the finite size of 6t a re  usually sm all, since the re lative  
change of ce ll-w is e  variables which occurs in a time step is usually  
sm all. On the other hand, the truncation e r ro rs  related to the finite 
size of mesh cells a re  m ore likely to be im portant, since limitations of 
computer core storage and running time make it necessary to use a 
fa irly  coarse computing mesh for two-dimensional problem s.
Much w o rk  has been done onthis stability problem , fo r example, the w o rks  
of L A N D S H O F F  / S T L I 2 /  (1955) ; D A L Y  et al / S T D 20/* (1962)  ; 
G U D U N O V  & R Y A B E N K II /S T G 2 1 /  (1964) and L A X  Zf W E N D R O F F  
/ S T L 1 8 /  (1962) .
F u rth er improvement w o rk  on the artificial viscosity term s introduced 
by other res e arc h e rs  is not possible at this stage as the co re  storage  
of the university ?s computer is limited to 4 8 K . D ue to the small core  
storage, the computing mesh that may be adopted in the present w o rk  
cannot be made v e ry  fine. T h e  coarse computing mesh w il l , th erefo re , 
introduce truncation e r ro rs  fa r  too great in magnitude fo r any im prove­
ment made by the artificial viscosity term  to be c learly  shown.
Ill . 4 . 2 . 5  Application of F L IC  Method
T h e  numerical technique discussed above w as used to analyse the shock 
w ave propagation in a discontinuous duct. T h e  results a re  presented  
and fu rther discussed in Chapters II I .  4 .4  and III.  4 . 5 .
I I I . 4 . 3  E X P E R IM E N T A L  IN V E S T IG A T IO N S
T h e  experimental investigations w e re  conducted on the 2 ,Ix 2 lt shock tube 
as shown in F igure  38 of Chapter III.  3 . 2 .  T h e  shock formation section 
of the shock tube w as modified to give the necessary discontinuity in the 
duct. T h e  modifications a re  as shown in F igures 70a and 70b.  t T h e  
fo rm er is for the flow visualisation in the branch duct ( i . e .  the vertical 
duct with respect to the shock tube axis) and the latter is fo r the flow  
visualisation in the continuative duct. ( i . e .  horizontal) .
T h e  following investigations w e r e  conducted:
1. Schlieren  photography of the flow phenomenon, both along 
the branch duct and along the continuative duct, at and 
downstream of the discontinuity.
2. P re s s u re  history record ing along the branch and the 
continuative ducts farther downstream than that of (1 ) .
3 . Shock speed measurem ent p rio r to discontinuity.
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FIGURE 70 DISCONTINUOUS SECTIONS OF THE SHOCK TUBE
III.4 . 3 . 1  Description of Apparatus
F igure  71 shows the experimental set-up of the apparatus fo r the 
photographic investigations. T h e  high pressure  chamber is 5ft. long 
and the low pressure channel is 17ft. long from the diaphragm to the 
discontinuity with a further 3ft. of low pressure  branch duct and 4ft. 
of low p ressure  continuative duct. T h e  diaphragm used throughout 
the investigations w as half-hard  aluminium of 21 thou thick fo r the 
low bursting pressures and 37 thou thick for the higher bursting  
p ressu res . C ruciform  (o r  X ) type diaphragms w e r e  used throughout. 
T h e  groovings on the diaphragm w e re  of V -c u t . T h e  diaphragms 
w e re  ruptured by their natural bursting p ressu res . T h e  high p ressure  
chamber w as fed by a ir  bottles while the low pressure channel w as  
evacuated by an E dw ards high vacuum pump of type E S I .  50. .
Ill . 4 . 3  .2 Schlieren System
T h e  schlieren system used w as that of the conventional Z  type as shown 
in F ig u re  71. T w o  8ft. focal length schlieren m irro rs  w e r e  used in 
the set-up . A  lens w as used to focus the image down to an acceptable 
size for the 35mm. H P 4  ro ll film when single shot technique w as adopted. 
A  separate lens w as also used to reduce the image down to /even sm aller  
when 16mm. cine photography was adopted. In both cases the film w as  
of a black and white nature.
In the single shot technique, the argon-jet spark gap was triggered  
by an oscilloscope w hich, orig inally, w as triggered by 
another oscilloscope with a p re -s e t time delay between them . T h e  
initiation of the experiment w as done by the claw trigger at the diaphragm  
as discussed in Chapter I I I .  3 . 2 . 1 .  T h e  p re -s e t time delay between the 
two oscilloscopes w as varied  to give the range required fo r the flow  
phenomenon to take place in the section of the duct under study. T h e  
shock speed was recorded simultaneously for every  ru n .
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When cine-photography of the flow phenomenon at the discontinuity was  
conducted, the c in e-cam era  w as firs t brought up to speed. D uring  
the period of acceleration, which lasted about 4 seconds, of the cine 
film , the high pressure  chamber w as pressurised rapidly till the 
natural bursting pressure  ruptures the diaphragm . T h e  rupture of 
the diaphragm initiated the spark light source. T h e  high speed cam era  
was ,  in effect, used as a streak cam era . T h e  method, though crude, 
proved effective.
I I I . 4 . 3 . 3  P re s s u re  H istory Recording
T h e  p ressure  history record ing was conducted at various stations 
downstream of the discontinuity as shown in F igure  71 . P re s s u re  
history recording at the discontinuity and its near vacinity w as not 
possible due to practical difficulties.
1 v U  *
A  p iezo-electric  transducer' -(shock mounted) w as u s e d .T h e  signal 
from  the transducer was fed into the oscilloscope via a KistJer
charge amplifier of type S /N  3154 model 566.
Due to the lack of equipment, the pressure history record ings w e r e  
conducted separately from  the flow visualisation ru n s . O nly one 
pressure  history recording w as made for each ru n . T o  this end, 
the recording w as repeated at every  station to check fo r consistency. 
Good agreem ent w as recorded among the repeated resu lts . T h e  
shock speed just p rio r to the discontinuity w as also re c o rd e d .
K istler Type 701 S
I I I . 4 . 3 . 4  Shock Speed M easurem ent
T h e  shock speed just p rio r to the discontinuous duct was recorded  by 
means of three thin film therm om eters (Ref .  S T E 1 3 )  . T h ese  therm o­
m eters w e r e  only used as detectors. T h e  detectors w e r e  stationed
at m easured distances along the channel just p rio r to the discontinuity.
A s the shock w ave propagated past these detectors, w eak pulses 
w e r e ' produced which w e r e  fed into a high gain amplifier (Re f .  S T E 1 3 ),  
the output of which was recorded by the T ektron ix  oscilloscope as 
shown in F igure  71 . Th ese  recordings together with the known 
distances between the detectors w e r e  used to compute the shock speed 
p rio r to the discontinuity.
I I I . 4 . 4  C O M P U T A T IO N A L  IN V E S T IG A T IO N S
A s with all numerical techniques, the size of the computing mesh plays 
an important ro le  in determining the accuracy of the computational re s u lts . 
A  finer mesh w ill give a m ore accurate resu lt. T h e  size of the mesh, 
h o w e v er, is determined by the capacity of the com puter.
I I I . 4 . 4 . 1  S ize of Computing Mesh
A ll the computational investigations w e r e  c a rried  out on the U n iv e rs ity ’ s 
I . C . L .  1900 series com puter. T h e  maximum core  storage available 
is 48k.  Th is  ra th er limits the present investigations. T h e  flow field 
investigated cannot be made v e ry  large unless the computing mesh is 
made v e ry  co arse . T yp ica lly , the computing meshes are  of. 0 .4  inch 
square and o .2  inch square ( i . e .  6 x =  6y = 0 . 4  and 0 . 2  respectively) .
T h e  0 .2  inch square mesh size gave a fa r superior result than that 
of the 0 .4  inch square mesh size.  Th is  is c learly  demonstrated in 
areas w h ere  vortices exist around the co rn er of the discontinuity as shown 
in F igure  72 . T h e  figure comprises three computing meshes of 
different sizes and its fine details of the flow fie ld . T h e  a rro w s  indicate 
the direction of the flow . T h e  flow velocity, ho w ever, is not show n.i
In F igure  72a, the big square in bold lines contains 1.6 sm aller cells 
w hile those of F igures 72b and 72c contain 4 and 1 cells respective ly .
It is c lear from F ig u re  72a that a vo rtex  exists. When the same vo rtex
V
UJ
CO
X
CO
LeJ
2
UJ
CO
a:
<
O
u
u
\ \
-•s s -. V vj / 
\fir< |
!
LA_
\
\
\— ;_ L
«c5y— \ \ \
•^ 3?——. \
LLiM
(75
XCO
UJ
2
UJ
§
a
UJ
CSC
UJ
Hz
x V V. X •N-v. X X V X X \
x V X X X X X X X V V
X X <5^ -. X X \ V \ \
x *<33— *«— X X V X
* * - <r— X \  : V \
X *s- / «<sr \ \ \ \ \ X \
' nJ, V i / \ \ 1 h \ V
Nf, js r - / X X«gg*j!Pfe^
/
f
T
3SS25S
*
*< \ V
«w- ■43~ V X * K X
«*s- c®. **?> •x \ V V \
"*e- «**» •Sf- •6SS- ««» x X X \
•*s« «0- -KJ. — *tst- «Q- ««&» 5^5- x . X
UJM
CO
Xto
Ul
UJ
z
LL I
I
FI
GU
RE
 
72
 
AN
AL
YS
IS
 
OF
 
FL
OW
 
FIE
LD
 
US
IN
G 
DI
FF
ER
EN
T 
SI
ZE
S 
OF
 
CO
M
PU
TI
NG
 
M
ES
H
is being analysed by a co arser computing mesh, it can be seen that 
the vortex is not so c le a r . T h e  effect, of using a much m ore co arser  
computing mesh is shown in F igure 72c w h ere  no sign of a vortex  
is being indicated in any wa y .  ' ,
I I I .  4 . 4 .  2 " L "  Computing Mesh
Figure  73 shows four types of computing mesh used in the present 
investifations. Each computing mesh is divided into about 400 cells 
(which is the largest number of cells that the computer an handle) .
A s an example, the size of these cells is , typically, 0 .2  inch sq u are . 
F igure  73 a shows that an a r ra y  of size 20 x 20 must be declared  
in the computer program m e. A s shown by the area  m arked "unused 
cells", these cells have been declared in the computer program m e but 
w e re  unused and it represents a wastage of computer co re  storage.
A s shown, the wastage is about 25%. T h e  wastage w ill be magnified 
if a la rg e r flow field w e re  to be investigated. In an effort to overcom e  
this w astage, three m ore program m es w e r e  developed as w ill be 
discussed in the following chapters. Not only do these th ree program m es  
eliminate or reduce wastage but also the flow field investigated can be 
made la rg e r .
I I I . 4 . 4 . 3  "I" Computing Mesh
Th e  wastage of the core storage by using a " L "  computing mesh is 
totally eliminated by using an "I" computing mesh as shown in F ig u re  
73b. Th is  computing mesh investigates the flow field in the branch  
section of the discontinuous duct. T h e  flow field investigated extends 
fa rther downstream as shown by F igures 73a and 73b.
T h e  numerical results obtained from using the "L." computing mesh and 
the "I" computing mesh a re  in v e ry  close agreem ent. T h e  d iscrepancy
TY
PE
S 
OF
 
CO
M
PU
TI
NG
 
M
ES
H
of the results obtained from using the two meshes is within 0.1% of 
each other for m ore than 95% of the total flow f i e ld .  T h e  only large  
discrepancy between the two results is for the flow field immediately 
close to the continuative exit ( i . e .  the low er right hand co rn er of the 
computing mesh of F igure  73b) w h ere  the variation is about 0.5%.
Th is  discrepancy is understandable as the boundary conditions for the 
,lL n computing mesh are  different from  that fo r the UI ,! computing mesh 
(see Chapter 111.4.2) . T h e  loss of accuracy by the uI t! computing mesh 
is m ore than off-set by the advantage of a much la rg e r flow field being 
investigated.
Ill . 4 . 4 . 4  n- n Computing Mesh
S im ila rly , a computing mesh of the shape shown in F ihure  73c may be 
used to compute results fo r the flow field in the continuative section of 
the discontinuous duct. T h e  results obtained from  this 11 - fl computing 
mesh a re  not accurate, as they v a ry  w idely from  that of the 11L M 
computing m esh. T h e  discrepancy is of the o rd er of 20% although 
a drastic 75% discrepancy is not too unusual around the exit to the 
branch section of the duct ( i . e .  the top left co rn er of F ig u re  7 3 c ) .
A  comparision between the results of the line output of the computer 
for the nL n computing mesh and the n- n computing mesh, as shown in 
F igure  74, illustrates the discrepancy. Th is  discrepancy is due to the 
fact that the initial velocity component, v , of the fluid along the boundary 
of the exit branch is zero  and that by the boundary condition properties  
discussed in Chapter I I I . 4 . 2 ,  the boundary cells take up the same 
velocity component in magnitude though not in d irection. T h e re fo re , 
the value of v is zero  at all times along the side branch exit plane. In 
short, the side branch is effectively being ignored. T h e re fo re , e ither  
the boundary condition properties be changed to suit this sort of case  
or another alternative solution be found.
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III.4 . 4 . 5  Modified ,f- lt Computing M esh
An alternative computing mesh has been proposed in the present w o rk  to 
overcom e the large discrepancy of the computing mesh discussed in 
Chapter I I I . 4 .4 .4 .  T h e  proposed computing mesh rem edy the zero  
velocity component, v , as encountered in the last chapter. T h e  new  
computing mesh is as shown in F igure  73d. A n additional ro w  of 
cells is allocated to the computing mesh. T h e  introduction of this row  
improves the accuracy of computation of the flow va riab les . T h e  same 
set of boundary conditions as discussed in Chapter I I I . 4 .2  may be used . 
without any change (N ote: Th is  problem did not arise  in the ,!I ,! computing 
mesh because the fluid flow field has an initial velocity component, u , 
at the exit boundary) .
Th is modified form  of computing mesh has improved the analysis g rea tly .
In most of the a rea  covered by the nL,n and the modified n- M analyses 
in which comparison was possible it w as found that the flow properties  
calculated by the two methods sgreed closely. Th is  is evidently 
illustrated in F igure  75. T h e  region around the exit to the branch  
section, how ever, still shows a rather, large  discrepancy (of the o rd e r  
of 5%) . Th is  discrepancy w as fu rther reduced by the introduction of 
a second row  of ce lls . T h e  improvement m ade, brought 95% of the 
flow field in v e ry  close agreem ent with the results obtained with the 
"LA computing mesh (within 0.1%) and the discrepancy around the exit 
to the branch section to less than 2%. T h e  results a re  shown in 
F igure  75.
T h e  advantages obtained by using this type of modified computing
mesh is the relative ly small wastage of unused cells and hence the 
core storage of the computer and also the re lative ly  large flow field 
that may be investigated.
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III.4 . 4 . 6  Computer Program m ing
Inspite of the various types of computing mesh used, the programm ing  
procedure for all the four types of computing mesh is basically s im ila r.
T h e  flow chart of the F L IC  method for the two dimensional case as 
discussed in Chapter III .4 *2  is as shown in F igure  76. Th is  flow  
chart applies to all the four types of computing mesh described in 
Chapter III . 4 .4 .2  to III . 4 .4 .5  A  set of computer program m e in 
Algol is presented in the Appendices -  V I . 3 .1
I I I . 4 .5  E X P E R IM E N T A L  & C O M P U T A T IO N A L  R E S U L T S  
and D IS C U S S IO N S
Both qualitative and quantitative experiments w e re  obtained in the field of 
shock w ave propagation in discontinuous duct. T w o  types of discontinuity 
w e re  used; the T-junction and the cross-junction . T h e  Mach N o . of
the shock w ave just p rio r to the discontinuity ranged from 1 .5 5  to 2 .53
and the gas used throughout the tests was a ir ..
T w e lve  sets of schlieren photographs w e re  obtained for the two types of
discontinuities as shown in Plates 21 to 3 2 . P lates 21 to 31 w e re  obtained 
by the single shot schlieren technique while P late 32 was obtained by the 
cine-schlieren technique using the sandwich argon gap.
Good schlieren photographs w e re  obtained for the flow phenomena in the 
discontinuity when the shock tube channel w as atm ospheric. With those 
tests w here  the channel was highly evacuated, especially P late 30 , only 
strong outline w e re  detected. Fine details could not be re co rd ed .
This was due to the w eak refractive  indices generated by the flow  
phenomena. In analysing the photographs, there a re  certain  window  
defects which should not be confused with the actual flow phenomena.
These defects show up particu larly  w ell in runs w h ere  the sensitivity
of the schlieren system has been in creased .
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T h e  flow phenomena at the discontinuity a re  v e ry  com plex. Th is  
complexity is further discussed in Chapter III. 4 .5 .2  with the help of 
the computed p ressure  histories at the discontinuitv. In !spite of the
. i .
complexity, a shock with a v e ry  plane front for m ore than half the 
tube width and a slightly curved front, caused by the diffraction at the 
co rn er of the discontinuity, fo r the rem ainder of the tube width propagates 
along the continuative section of the tube.. Th is  curved-cum plane shock 
front rapid ly becomes a plane shock. D uring the process, a series of 
reg u larly  reflected shock is produced at the
tube wall until the angle of incidence of the curved shock is such that 
regu lar reflection of the shock is impossible and the shock then under­
goes Mach reflection. T h e  triple point of the Mach reflection moves 
towards the centre of the tube, thus producing a plane shock w a v e . 
Subsequently, the trip le points continue; to move back and forth across  
the tube until the secondary branches of the Mach configuration a re  v e ry  
w eak and d isappear. . F ina lly , an optically flat p rim ary  shock propagates 
down the rest of the channel.
Th e  flow phenomena ' observed at the exit of the branch section of the
tube are  fa r m ore complex. T h e  re -fo rm in g  process of the p rim a ry  shock 
takes a longer time and the distance needed for this process is much 
longer.; ' T h e
re-fo rm ing  process, how ever, is sim ilar to the re -fo rm in g  process in 
the continuative section as discussed in the last paragraph .
In spite of the sim ilarity of the re -fo rm in g  process in the two sections of 
the tube, the strengths of the eventual p rim ary  shocks a re  v e ry  different.
A s w ill be further discussed in Chapter III. 4 .5 .2 ,  the final strength of 
the shock in the continuative section is about 80% of the strength of the 
initial shock p rio r to entering the discontinuity and that in the branch  
section is about 40%. Detailed comparisons between the schlieren  
photographs, the pressure history recordings and the computed results  
a re  fu rther discussed in Chapters III. 4 .5 .1  to III. 4 .5 .4  as fo llow s:
III. 4 .  5 .1  Numerical Results
A  set of specimen results obtained from  the line output of the computer 
is presented in the Appendices -  Chapter V I . 3 .2 .  It is ra th er difficult 
to make any direct comparison between the experimental results and 
these numerical resu lts . T h e re fo re , other forms of presentation a re  
made as discussed in the next two chapters:
III . 4 .5 .2  P re s s u re  H istory Recordings
Owing to the design of the branched section of the shock tube, 
experim ental recording of the pressure histories at and near the
discontinuity was not possible. R ecord ing s . of p ressure  histories
farther downstream of the discontinuity w e re  made and the results a re
compared with those computed as shown in F igure  77. It can be seen
that the computed results tend to "over-shoot" at the peak of the p ressure
histories. Th is "over-shoot" is typical in num erical techniques.
Taking this into consideration, close agreem ent between the experim ental
and computational results m ay be said to have been obtained.
An added advantage of the numerical technique is the unique capability 
to determ ine the pressure  history of any particular point (o r  a rea ) under 
consideration. With this capability, it is possible to analyse a complex 
flow field. A s shown in Plates 21 to 32 , the flow phenomena at the 
d iscontinu ity  are  ve ry  complex and the present numerical technique has 
confirmed this complexity as shown by the results presented in F ig u re  78 . 
T h e  fact that the pressures at positions P ( l , l l ) ;  P ( l , 1 2 ) ;  P ( 2 , l l ) ,  
P (2 ,1 2 )  etc. . a re  fa r  below those of the surrounding areas indicates that 
a "pocket11 or bubble exists at that position considered. Th is  is also 
evident from the photographs of Plates 21 to 32 .
t
Another important feature obtained from the computed results is the 
pressure  at the w all of the branch tube facing the on-coming initial shock. 
T h e amplitude of this pressure  is about tw ice that of the initial shock
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which indicates that the most severe shock encountered at the discontinuity 
is at that particular region.
T h e  computed pressure histories below the central axis of the shock tube, 
as typically shown by P ( 5 , 4) of F igure  78, show a profile sim ilar to that 
of the initial shock indicating a region which is hard ly disturbed from the 
effects produced by the discontinuity. Th is  is also c learly  shown by 
the schlieren photographs of Plates 21 to 32 w h ere  the region under 
discussion is v e ry  plain. .
In an effort to com pare the experimental and computaional results at the 
discontinuity m ore closely, flow diagrams and density contours w e re  
plotted. T h e  results obtained from these plots a re  compared with ,the 
experimental results in the following chapters.
III . 4 . 5 .3  Flow  D iagram s
Interesting features which are  not apparent from the results of the above 
chapters may now be m ore c learly  illustrated by the following flow diagram s  
of this chap ter,
D ue to the limited core storage of the computer , the flow diagram s w e re  
computed in two program m es. O ne, using the I computing mesh and the 
other, using the modified -  computing m esh. T h e  two results from  the 
computer w e re  then joined together and the tracings made and reproduced  
in F igures 79a to 7 9 d .. T h e  mesh size used in both the two program m es  
was 0 .2  inch square .
As shown in F igures 79a to 79d, the length of theMflo w -lin esM indicates the 
magnitude of the velocity of the fluid flow and its inclination indicates the 
direction. T h e  direction being taken to be positive from left to right 
and from bottom to top.
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When analysing the flow diagram s, the effect of "sm ear11, which is typical 
of numerical methods, has to be borne'dn.mind. It w ill then be clear  
that F igures  79a to 79d compare closely with the photographs of the 
plates in Chapter I II .  4 . 5 . If equi-potential lines w e re  draw n in the 
flow field, it w ill be seen that the shock front propagating into the 
continuative section of the shock tube stayed v e ry  plane with a slight 
curvature towards the upper portion of the shock. Th is  agrees closely  
with the pattern of the shock front recorded by the schlieren photographs.
F igures 79c and 79d include flow lines which a re  c irc led . Th is  was  
done to illustrate the point that these Mflo w -lin esn have a negative velocity  
component, u o r v or even both. A  sum m ary of these negative velocities 
is given in F igure  80. Th ese  ’'negative flows" when mixed with the
surronding "positive flows" constitute a state of turbulence or even a vortex  
in the region under consideration. T h e  photographs of the flow phenomena 
in the discontinuity also show a sim ilar trend to the phenomena discussed  
h e re .
III. 4 . 5 .4  Density Contour Plots
Another set of computed results a re  shown in F igures 81a to 81c, in the'"- ' 
form of contour plots of density. In all the contours, shock sm earing is 
read ily  recognised, and shock fronts a re  generally spread over three to 
four cell w idths. Regions of significant density gradient a re  characterised  
by the closeness of the contours, and this enables one to determ ine the 
approximate position of the shock front, which is taken to be that w h e re  
the p ressure  is equal to the arithmetic average of the peak p ressu re  in 
the shock zone and the undisturbed p res s u re . T h e  shock phenomena 
which have been determined in this m anner a re  compared w ith the 
experimental results of Chapter III. 4 .5 .  T h e  flow patterns a re , genera lly , 
in accord with the flow patterns revealed by the schlieren photographs. 
Despite the use of a re lative ly coarse mesh, the spatial resolution appears  
to be reasonably satisfactory. F u rth er improvement could be obtained
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with a finer computing mesh but involves increased computational tim es.
I I I . 4 .6  C O N C L U S IO N S
N um erical solutions, employing the F L IC  method, have been obtained for 
the propagation of shock w ave in discontininuous ducts, i . e .  with a branched  
and continued ducts. T h e  numerical results have been compared with 
the experim entally observed pattern of the w ave motion and the flow in 
the discontinuity. F o r the problem studied, the F L IC  method yields a 
reasonable representation of the main features of the observed pattern of 
interaction.
T h e  spatial and temporal resolutions obtainable in the num erical calculations 
are  dependent on the size of the cell and the tim e-step employed. L im i­
tations on the core storage of the computer used restricted the computing 
mesh size to a re lative ly coarse one. N evertheless, the spatial reso lu ­
tion, as may be seen in the various contour plots, is resonably satisfactory. 
Shock sm earing is quite pronounced, particu larly  for the w eak shocks, 
which req u ire  la rg e r artificial viscosities to enable calcul ations to be 
carried  out in these situations. Computed shock profiles com pare w ell 
with m easured profiles. M o re  accurate calculations re q u ire  the use of 
cell sizes sm aller than that used in the present w o rk . Inherent in all 
the fin ite-difference methods is the fact that details of the flow in regions  
sm aller than a cell w idth, or events taking place in a time shorter than 
a tim e-step, a re  not reproduced.
Although the core  storage requirem ent in the computer in the F L IC  method 
of calculation is not too excessive, the computation times a re  quite appreciab  
From  the engineering standpoint, th ere fo re , the feasibility of attempting 
computer solutions using  fin ite-difference methods hinges, at the present 
time, on economic factors. H o w e v e r, it is believed that with the definite 
prospect of faster and bigger computers becoming available in the fu ture, it 
w ill be inevitable that a num erical approach w ill be made to problem s, such 
as those considered h e re , which up to now have defied analytical solution.
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Topics of immediate interests that are  related to the context of the 
present thesis a re :
1 . S p a rk  Light Sources
Wave interaction phenomena in the vicinity of the spark channel 
immediately after a d ischarge, z
2 . D iaphragm  Opening and Shock Form ation P rocesses
D iaphragm  opening and shock formation processes using 
cellophane diaphragm s.
3 . Shock Wave Propagation in Discontinuous Ducts
P re s s u re  m easurem ent at and near the branched section 
of the discontinuous ducts.
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A P P E N D IC E S
VI.  1 S P A R K  L I G H T  S O U R C E
V I .  1 .1  A U T O - S C H L IE R E N  P H O T O G R A P H Y  O F  S P A R K
In o rd e r to test the suitability of the spark gap without unnecessarily  
involving another rapid event, the spark gap may be arranged in an
optical set-up such that the second spark is made to photograph the
firs t s p a rk ’s sound w ave, the third spark is made to photograph 
the firs t and second sparks f sound waves and so on. Th is  
optical set-up is as shown in F ig u re  A . I .
V I . 1 . 1 . 1  P r im a ry  and Secondary Images
In F igure  A . l ,  the p rim ary  image (shown in dark  line) is obtained 
via the spark light source reflecting from  the schlieren m irro r  ’ I 1 
subtending a solid angle of 0 at the spark light source. A  parallel
beam of light is obtained which passes through the spark light
source (which is used as an object on this occasion) and on to 
the schlieren m irro r  * 2 1 to form images at the knife-edge and the 
film plate. Note that the image formed at the knife-edge is that 
of the spark gap when used as a light source and that at the film 
plate is that of the spark gap when used as an object.
T h e  light from the spark gap sends out light in all possible d irec tio ns .
A s shown in lighter shade line, the spark light source extends a 
conical beam of light on to the schlieren m irro r  12 1 subtending an 
angle of at the spark light source. On reflecting from  tlie
schlieren m irro r  12 1, an image is formed on the film plate.
V I .  1 . 1 . 2  Quality of the Schlieren Photograph .......... ..
T h e  quality of the schlieren photograph depends largely  on:
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1. the sensitivity of the p rim ary  image
2 . the insensitivity of the secondary image.
Mathematically,
Quality ® . . . . . . . .  . A .  2tan a
is said to hold. If 8 and a is sm all, say 5 ° , then
~  e 2............................ ................ . . a . 3Q uality
T h e  solid angle G could be increased by using a schlieren m irro r  
with a sm aller focal length as shown in F igure  A . I .  T h e  solid 
angle a could be reduced by increasing or could m ore easily  
be reduced by using a secondary image light stop at the knife-edge  
cutr—off which is shown by the lighter broken lines of F ig u re  A . I .
Depending on the nature of the light source ( i . e .  intensity and duratic 
and the sensitivity of the film plate, all secondary images could be 
reduced sufficiently to have little or no effect at a ll. A  ratio  of 100 
for 8/a is estimated to be sufficient to reduce the secondary image 
to an insignificant amount.
V I .  1 . 1 . 3  A u to -S ch lie ren  Photography of Light Bulb
Some auto-schlieren photographs of tungsten light bulbs a re  shown 
in P late A . I .  It can be seen that the fine details of the schlieren  
phenomenon can be obtained from those pictures whose 0 /a  ratio  is 
high while those with low 8/a ratio do not show the fine details 
and m oreover these photographs a re  ra th er foggy.
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VI.  1 . 2  L O S S  O F  L I G H T  D U E  T O  O B S T R U C T I O N S
T h e  loss of 'light due to obstructions is mainly a design problem .
Consider the case w here  the light source is fully constricted and 
assuming that the photographic set-up has subtended a solid angle, , 
at the light source , then the loss of light due to a deep bore is m ore  
than that of a shallower bore as shown by the shaded portion in 
Figure  A . 2 .
In the case w here  the light source is not fully constricted, and for 
simplicity, assume that the solid angle, , is z e ro , then the loss of light 
w ill depend on the nature, i . e .  structure of the spark light source.
In F igure A . 2 i i a ,  the case is m ore or less sim ilar to that of the fully 
constricted spark gap. H o w e ver, in case A .2 iib , it is thought that the 
spark might be of the same structure shown. Thus part of the light 
shown in cross hatching is lost. A s the gap separation is increased  
as in A . 2 i i c ,  the structure of the spark changes and becomes thinner 
and the light lost is shown in cross hatching. T h e  amount of light lost 
in case b and c is approximately equal. .Considering case a and b, the 
total light obtained by a is less than that obtained by b but because b loose 
some light sue to obstruction it might just happen that the light output as 
viewed along the optical axis shows a g rea ter intensity for a than fo r b .
In case b and c , the light produced by case c is m ore than that produced  
by case b, but because the light loss by b and c is approximately equal, 
it might be explained that the effective light output fo r c is m ore than that 
for b . Th is  is probably what happened when the L ibessart gap w as  
being tested.
An important note to make is that the bore of the insulator must alw ays  
be sm aller than that of the H . T .  electrode and this explains w hy a 
burnt-out or w orn -out insulator gives a low er light output.
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VI.  1 .3  P R E F E R E N T I A L  S P A R K I N G
An experim ent w as c a rried  out to test the effect of argon and a ir on 
the breakdown characteristics of the spark gap. P late A . 2 shows the 
general arrangem ent of the apparatus. T h e  spark light source unit 
used in the experim ent was that of the argon-jet spark gap as discribed  
in Ref .  L .S H 6 .
T w o  H . T .  electrodes, both indentical, namely A  and B , w e re  used 
in conjunction with a common earth electrode and a common trigg er  
electrode. Th e  experiments ca rried  out w e re  made with equal gap 
separation under different gas environments and using the same gas 
with different gap separations. A  sum m ary of the results is presented  
in F igure A . 3.
It is c lear from F igure  A . 3 that preferential sparking takes place w h ere  
the dielectric strength of the spark channel is weakest and if the dielectric  
strengths a re  the same, then the shortest path is p re fe rre d . A rg o n , 
therefo re , is much p re ferre d  by the breakdown process.
«
Plate A . 2

GAP 
[SEPARATION 
RATIO
ie l e c t r o d e
w it h  /Wit h o u t  argon
ELECTRODE
BREAKDOWN
NO BREAKDOWN"“1ELECTRODE
B A B A
WITHOUT WITH NO B 1 DOWN
WITH WITHOUT B 'DOWN NO
WITHOUT WITH NO B 'DOWN
3 WITHOUT WITH NO B'DOWN
4 WITHOUT WITH B'DOWN NO
WITH WITH B'DOWN NO
!/2 WITH WITH NO B 'DOWN
w it h o u t WITHOUT B'DOWN NO
iSSSESffiSSSTs
WITHOUT WITHOUT NO B'DOWN
FIGURE A . 3 PREFERENTIAL SPARKING
VI.  1 . 4  SA N D W I C H  A R G O N  G A P  -  P R O T O - T Y P E  I
This gap is interesting as it combines all the advantages of the 
argon-jet gap and the sandwich gap (chapter I I . 6 and I I .  7) . T h e  
main features of the hydrid gap is as shown in F igure  A . 4.
In this design, the argon jet is made to flow between two sheets of 
glass, p referab ly  silica or pyrex , to withstand the high therm al 
shocks produced during d ischarges. T h e  electrodes a re  made of 
aluminium (chapter I I . 3 and I I . 4) and if a trigger is used, made of 
copper for convenience, it is introduced between the electrodes 
being positioned n e a re r to the earth electrode for better firing  
re liab ility . T h e  electrodes :holder is made of perspex.
T h e  perform ance of this gap is fa r s u p e rio r  than any of the gaps 
discussed in chapters II.  6 and I I . 7 . T h e  light w aveform  is 
compared to those of the other gaps in F igure  19 . T h e  light 
w aveform  has a slightly shorter rise  time and a shorter decaying 
time over that of the argon-jet gap . Th is  is advantageous as the 
\  amplitude and 1 /3  amplitude intensity '(o r  m ore appropria tely , 
the effective light intensity) is shorter in duration for the new gap.
Much m ore light could be obtained from the new design as the 
gap separation could be increased to slightly m ore than an inch 
without reducing the firing reliab ility . T h e  relationship between  
the light intensity and the gap separation is summ arised in F ig u re  
7 . T h e  increased gap separation of one inch or m ore is com­
patible with the schlieren requirem ents as shown by the results  
(chapter III. 2, for example) obtained.
P rovided that the sandwich width is not g rea ter than 1 /3 2  inch, 
which is also the width of the spark itself, then the stability of
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the spark is excellent as the spark does not w ander tran sverse  to 
the optical ax is. Although wandering does occur along the optical 
axis, it is not serious as the magnitude of wandering in this 
direction is w ell within the depth of focus of most schlieren system s.
Although this new design is an improvement over its predecessor 
it, nevertheless, has its limitations. When operated repetitively, 
the maximum number of sparks obtainable in any one operation is 
about ten throughout the flashing rates ranging from 0 to 12 k H z .
VI. 1 .5  SANDWICH A R G O N  G A P  -  P R O T O - T Y P E  II
T h e  limited number, of sparks that may be obtained in any one operation 
by using the proto-type I of the sandwich argon gap is a m ajor disadvan­
tage. H o w e v er, firth er research  led to the development of the proto-type  
II as shown in F igure  A . 5 (see also R e f. L S E 5 )  .
B asically , proto-type II is sim ilar to proto-type I except that the sandwich 
of the fo rm er is only open on one side and not two as in the case of the 
la tter. T h e  close-ended section of the sandwich is used as an "argon  
trap" as discussed in Chapter I I . 9 .
The perform ance of this gap is sim ilar to that of the proto-type I with the 
added improvement in that a higher number of sparks is obtainable in any 
one operation. Maximum number of sparks, in excess of 100, may be 
obtained in any one operation but the flashing range is limited to 6 -1 2  k H z .
The success of this gap is shown by the results of the rocket ignition 
process of Chapter I I I . 2 , (see also R e f. L S U 1 )  .
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V I . 1 .6  SANDWICH A R G O N  G A P . -  P R O T O - T Y P E  III
The limitations of the previous two proto-types led to the development 
of yet another proto-type. P ro to-type 111 of the sandwich argon gap 
is as shown in F igure  A . 6 .
A ll features of the new proto-type are  basically the same as the last 
two proto-types except that the new design has an argon re s e rv o ir .
Its inclusion is discussed in Chapter I I . 9 . T h e  size of the re s e rv o ir  
as shown in F igure  A . 6 is about 5 c .c .  (T h e  size of the re s e rv o ir  is 
being determined by the physical space around the spark gap) .
T h e  perform ance of this gap is sim ilar to that discussed in Chapter V I .  1 .4  
with the added improvement over the last two proto-types in that maximum  
number of sp arks , in excess of 100, is obtainable in any one operation  
over an increased flashing range of from  2 -1 2  k H z .
Th is  design eventually led to the final design of the sandwich argon gap 
as discussed in Chapter I I .  9 w here  all the limitations of the three proto­
types have been overcom e.
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VI. 1 .7  E N D  FIRE A R G O N  G A P  -  P R O T O - T Y P E  I
T h e  perform ance of the sandwich argon gap is excellent and the only 
limitation is that the source size is too big for shadowgraph w o rk . T h is  
led to the consideration of the end fire  argon gap.
T h e  new class of spark gap is in fact a hybrid of an end fire  gap and 
an argon-jet gap and is called the end fire  argon gap. P ro to -type I 
is as shown in F igure  A . 7 .
In this new design, the argon gas, at atmospheric p res s u re , is made to 
flow along the constricting b o re . T h e  electrodes are  of aluminium 
and the trigger electrode is of copper which w as used because of the 
convenience.
T h e  introduction of argon allows an increase in the gap separation  
of the ord inary end fire  gap ( i . e .  gap with an a ir column) from  0 .3  inch 
to slightly m ore than an inch, with good firing re liab ility . T h e  
reliability  w as further increased by the use of a trigger e lectrode.
Th e  gap separation of the o rder of one inch causes light loss due to 
obstruction as discussed in Chapter V i . 1 .3 .  Th is  is overcom e by 
the introduction of a taper along the gap as shown in F ig u re  A .7 a .
A  solid angle of 5° (which is also the solid angle subtended by the 
schlieren m irro r )  has been adopted.
T h e  electrodes are  of aluminium for reasons as discussed in Chapter 
1 1 .4 .8 .1 ,4 . T h e  electrode holder is of perspex which is also used 
for the constriction. T h e  w ea r of the e lectrod es is negligible but the 
perspex insulator is not ideal for repetitive operation due to m aterial 
erosion although it is satisfactory for single shot operation. *
L ike  all other end fire  gaps, the source size depends en tire ly  on the 
size of the constricting b o re .
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F o r any given gap separation, the firing reliability is poorer fo r gaps 
with a small bore than for those with a bigger bo re . Th is  is probably  
due to the fact that in a small volume of gas the chance of an initiatory 
electron present is less than in a bigger volume of gas, all other 
things being equal. A  bore size of 1 /3 2  inch, which is also the size 
of the spark itself, is ideal as too big a bore w ill not constrict the 
spark p roperly  and a small bore w ill give poor firing re liab ility .
T h e  light waveform  is as shown in F igure  19 . Although the peak light 
intensity is not as high as those of the argon-jet gap and the sandwich 
argon gap, it is comparable with all other gaps discussed in Chapters  
I I . 7 and I I . 8 . In fact, it is fa r superior than the other gaps, in its 
own class of confined gaps.
Although the general perform ance of the gap has been im proved, there  
is , ho w ever, a limitation when the gap is being operated under repetitive  
mode. Only about 10 sparks may be obtained in any one operation  
throughout the range of 0 -1 2  k H z .
VI. 1 .8  EN D  FIRE A R G O N  G A P  -  P R O T O - T Y P E  II
Th e  limited number of sparks obtainable in any one operation using the 
end fire  argon gap -p ro to -type I led to the development of the proto­
type II as shown in F igure  A .  8 .
B asically , proto-type II is sim ilar in nature to that of proto-type I with 
an added argon re s e rv o ir  in the proto-type I I .
Th e  reason for an argon re s e rv o ir  is as discussed in Chapter I I . 9 .
T h e  perform ance of this gap is sim ilar to that of proto-type I with the 
added improvement in that a higher- number of sparks is obtainable in 
any one operation. A  total of about 60 sparks may be obtained in 
any one operation over a flashing range of from  6 - 1 2  k H z .
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VI. 1 .9  E N D  FIRE ARGO N G A P  -  P R O T O - T Y P E  III
Th e  w e a r of the constricting bore of proto-types I and II under high 
repetitive flashing is extensive which led to the development of the 
proto-type III. Inserts , like pyrex tubing, are  used to prevent 
extensive erosion. Its application is as shown in F igure  A . 9 .
All features of the new design are  basically sim ilar to the last two 
proto-types.
Th e  perform ance of this design is sim ilar to that of the proto-type II 
being capable of producing about 60 sparks per operation over a 
flashing range of from 6 to 12 k H z .
T h e  limitation in the range of flashing rates led to the final development 
of the final design as discussed in Chapter 11.10.
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FIGURE A . 9
END FIRE ARGON GAP -PROTO-TYPE 111
V I . 1 .1 0  M O D U L A R  A R G O N  G A P  -  P R O T O - T Y P E  I
The limitation of the end fire  argon gap (C hapter 11.10) in the limited 
number of sparks that may be produced in any one operation led to 
the development of the new modular argon gap as shown in F igure  A . 11
Th is  new class of gap is a hybrid of an argon-jet gap and a series of 
L ibessart gaps. In this new design argon, at atmospheric p res s u re , 
flow along the spark channel through the wave and spark guides. T h e  
electrodes are  usually made of aluminium. The wave and spark guides 
are made of tufnol as this m aterial is read ily  available. T h e  functions 
of the guides are as discussed in Chapter 11.
T h e  perform ance of this gap is comparable to most other gaps discussed 
in Chapters I I . 7 and I I . 8 . Its light waveform  is as shown in F igure  19 
T h e  stability of the spark and the firing reliability are  good. T h e  w e a r  
of the constricting bores is minimal due to the large expansive facilities 
available in the design thus explaining why inserts are  not n ecessary .
T h e  maximum number of sparks obtainable in any one operation using 
this gap is about 60 over a flashing range of from  0 to 12 k H z .
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VI. 1 .11  RING G A P  (for single-shot application only)
■ A  special gap w as designed for use in conjunction with a phase-contrast 
m icroscope. T h e  design of this gap is as shown in F igure  A . 11 and 
details of its application may be found in Reference L S P 1 4 .
The main features of this gap a re :
Aluminium  
Aluminium  
Copper 
P ersp ex
A rgon , at atmospheric  
p res su re .
T h e  ionisation of the spark channel is maintained by the continuous
supply of argon. T w o  small exit lines are  incorporated in the design
3to drain away excess argon. A  flow rate of j  ft /h .  s . t .p .  is satisfa­
ctory .
T h e  source size is a 3 /8  inch diameter ring with a cross sectional 
diameter of 1 /1 6  inch. T h e  spark length is about one inch.
Th e  stability of the spark is good. A s it is only used fo r single-shot 
operation, the w e a r of the groove is negligible.
H . T .  E lectrode  
E arth  E lectrode _  
T r ig g e r  E lectrode  
Electrode H older 
N ature  of Gas __
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V I .2 DIAPHRAGM  O P E N IN G  & S H O C K  FORMATION P R O C E S S E S
V I . 2 .1  E F F E C T  O F  C R E E P  O N  D IA P H R A G M  R U P T U R IN G
In controlled rupturing of d iaphragm s, the best results a re  obtained 
when the pressure  loading is close to that producing a natural ru p tu re .
Th e  p ressure  loading is usually applied w ell before the actual run of 
the test. Th is  p re -ru n  p ressure  loading causes creep w hich, if 
prolonged, may cause p re -m atu re  rupturing of the diaphragm . With 
the desire  of a high pressure  loading close to that producing a natural 
burst and an unwanted p re -m atu re  burst, the effects of creep  on diaphragm  
rupturing w as , th ere fo re , investigated.
Tests w e re  c a rried  out using scetate and aluminium diaphragms and the 
results a re  presented in F ig u re  A . 12. D uring  the tests, the diaphragms 
w e re  pressu.rised up to a specified pressure  and held at that p res su re  
until the diaphragm ruptured after an elapsed tim e.
The variation in p ressure  loading for both types of diaphragm is about 
10% and that for the m ulti-layer acetate diaphragms is v e ry  small and 
is of the o rder of 3%. T h e  creep time of acetate diaphragms since 
pressurising till rupturing is somewhat short, of the o rd e r of j  minute, 
while that of the aluminium diaphragms can last m ore than 3 m inutes.
T h e  pressurisation of the cham ber took about 3 seconds to reach  the 
final p ressure  loading and no experimental points w e re  recorded  within  
that tim e .
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FIGURE A  . 12
V I . 2 .2  D IA P H R A G M  O P E N IN G  T IM E  U S IN G  T H E  
P H O T O M U L T IP L IE R  T E C H N IQ U E
T o  reco rd  the diaphragm opening tim e, a trigger from the rupturing  
diaphragm is usually needed.. T h e  C law  trigger (R e f. S T E I5 )  w as  
used. T h e  consistency of the claw trigger is demonstrated in F ig u re  
A .  13. S ix  runs w e re  c a rried  out and the. reproducibility of the 
photomultiplier recordings show's its consistency. T h e  maximum  
aperture of the six recordings v a ry  to quite an extent (of the o rd er  
of 10%) . Th is  w as due to the fact ..of the varying degree of turbulence  
in the shock tube during the rupturing.
Another disadvantage of the photomultiplier technique is that it does not give 
the actual angular displacement of the rupturing diaphragm with respect 
to time and a transform ation is needed. Graphical transform ation has 
been developed to transform  the photomultiplier recording into the actual 
abgular displacement of the rupturing diaphragm . T h e  graphical 
transformation is discussed in Chapter V I .  2 .3 .
T h e  only advantage of the photomultiplier technique is its simplicity and the 
result obtained by this method, though not v e ry  accurate, is informative  
enough to give a c lear indication of the diaphragm opening h is to ry .

or
ig
in
 
:
6 r
d.
r>
a
fif
3l/>V
L .a
■
'T T  i §\ Ti O  —
\  l\ ' 6
\fi O * O "O /
" I
llOAgO H h
;nd;no jaijdjTinuio^ oijd
!ii
%
0 2 
U  (J)
to3tO
CC
UJ
>
oz
z
UJ
CL
O
II
CL<
O
UJIH
U_|
ol
OZ
o
CC
Ou
UJ
cc
a
UJ
_i
CL
3
2
0
51  
CL
CO
<
di
TH
E 
EX
PE
RI
M
EN
TA
L 
SE
T-
U
P
VI. 2 .3  G R A P H IC A L  T R A N S F O R M A T IO N
Although a mathematical equation exists between the angular displacement, 0 
and the diaphragm rupturing ap ertu re , x , no mathematical, equation is 
read ily  available for the relationship between the diaphragm rupturing  
aperture and the diaphragm opening tim e. H o w e ve r, the relationship  
may be portrayed graphically . In view  of this, a graphical
transformation is proposed and is-presented in F igure  A .  14.
As an example, a p o in t,A , on the graphical relationship of the rupturing  
ap ertu re , x , and the opening time, t, is chosen. T h e  relationship  
between the rupturing ap ertu re , x ,and the diaphragm angular displacement, 
0 , is then plotted in an orthographic projection with respect to the above. 
With these- tw.o projections, the third projection in the orthographic sq.t-up 
is then that of the 0 v s . tim e. T h e  corresponding point A * on the
0 v s . time projection is then obtained via point a on the 0 v s .x  plane.
F u rth er points a re  sim ilarly obtained and the final curve constructed as 
shown. - ■
T h e  angular displacement/photomultiplier recording relationship presented  
does not take into account the initial deflection of the diaphragm . H o w e v e r,
this could be accomplished with equal ease.
T h e  graphical transform ation, therefo re , offers a simple and accurate  
method of transform ation.
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